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SUMMARY

Site-directed adenosine-to-inosine (A-to-I) RNA editing is a novel transcriptome engineering approach
that allows to recode genetic information at RNA level by specific deamination of adenosines. Because
the resulting inosine is read as guanosine by cellular machines and during translation, site-directed
RNA editing (SDRE) does ultimately introduce A-to-G base substitutions into mRNAs. This opens up the
opportunity to recode Start- and Stop-codons, splice signals, miRNA recognition sites, and 12 of the 20
canonical amino acids. Thus SDRE allows a wide range of interventions, including the manipulation of

residues relevant for signaling or protein function, and the ability to correct G-to-A point mutations.

Our R/G guideRNA SDRE system allows to steer wild-type human ADAR (adenosine deaminase acting
on RNA) enzymes towards selected target adenosines within user-defined mRNAs. The genetically en-
codable R/G gRNA design, which was developed during this thesis based on successive rounds of ra-
tional design, allows for the first time to recruit endogenous human ADAR enzymes. In contrast to all
other SDRE approaches, the R/G gRNA system does therefore not require the overexpression of an
editase. Transcriptome engineering can now be achieved by the simple application of a plasmid or
adenovirus encoded short guideRNA. Up to 40% correction of a premature 5-UAG stop codon into a
5’-UIG tryptophan codon could be achieved this way with a plasmid encoded R/G gRNA targeting a

dual-luciferase reporter construct in Hela cells.

During this thesis, several fundamental questions, which had to precede the further development of
SDRE into a therapeutic application, could be solved. The R/G gRNA system became the first SDRE
approach to prove editing of endogenous mRNAs. In addition, it was used to recode the recessive
PINK1 W437X amber loss-of-function mutation in Hela cells and could show that SDRE allows the func-
tional rescue of PINK1-Parkin-mediated mitophagy, which is linked to the etiology of Parkinson's dis-

ease.

Our R/G gRNAs have high potential to become a next generation drug for the precise correction of
disease-causing point mutations and the tuneable manipulation of protein function. In doing so, they
would complement existing genome and transcriptome manipulation strategies by enabling interven-

tions out of reach for currently available molecular tools.
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ZUSAMMENFASSUNG

»,Gerichtete A-nach-l RNA-Editierung” ist ein neues Transkriptom-Manipulationsverfahren, das die
Desaminierung ausgewahlter Adenosine und damit deren Umwandlung zu Inosin ermoglicht. Da Inosin
wahrend der Transkription und Translation als Guanosin erkannt wird, kdnnen mit dieser Methode
genetische Informationen auf der RNA-Ebene bearbeitet werden. Im Grunde fligt das Verfahren also
gezielt A-nach-G Punktmutationen in mRNAs ein und erlaubt damit die Umcodierung von Start- und
Stopp-Codons, SpleiRstellen, miRNA-Bindestellen, sowie 12 der 20 kanonischen Aminosauren. Hier-
durch wird eine Vielzahl an Eingriffen moglich, wie die Korrektur von G-nach-A Punktmutationen, die
Manipulation von Proteinfunktionen durch Anderung relevanter Aminosauren, oder die Modulation

zellularer Signalkaskaden.

Das von uns entwickelte R/G guideRNA System dirigiert humanes Wildtyp-ADAR (adenosine de-
aminase acting on RNA) zu bestimmten Ziel-Adenosinen in ausgewahlten mRNAs. Durch sukzessives
rationales Design wurde im Zuge dieser Arbeit, ein genetisch codierbares R/G gRNA Design entwickelt,
das es erstmals erlaubt endogenes humanes ADAR zu rekrutieren. Im Gegensatz zu allen anderen ge-
genwirtig verfligbaren gerichteten RNA-Editierungsverfahren, ist es daher nicht auf die Uberexpres-
sion einer Editase angewiesen. Hierdurch kann nun genetische Information auf Ebene des Transkrip-
toms durch simples Verabreichen kurzer Plasmid- oder Adenovirus-codierter guideRNAs manipuliert
werden. Bei der Reparatur eines vorzeitigen 5-UAG Stopp-Codons konnten mittels Plasmid-codierter
gRNAs in Hela Zellen bis zu 40% der Ziel-mRNAs korrigiert werden. Zusatzlich konnten in dieser Arbeit
grundlegende Fragen beantwortet werden, die der Weiterentwicklung von gerichteter RNA-Editierung
zu einer therapeutischen Anwendung vorangehen mussten. Es konnte erstmals gezeigt werden, dass
durch das R/G gRNA-System auch die Editierung endogener mRNAs mdoglich ist. Des Weiteren wurde
die rezessive PINK1-W437X-Amber Funktionsverlustmutation in Hela Zellen korrigiert. Das Verfahren
erlaubte es hierbei, die Funktion des durch die genannte Mutation gestdrten PINK1-Parkin-vermittel-
ten Mitophagie-Signalwegs, welcher mit der Atiologie der Parkinsonkrankheit verkniipft ist, wieder

herzustellen.

Unsere R/G gRNAs haben das Potential als vollig neue Generation von Medikamenten beispielsweise
fir die Behandlung von Punktmutationen oder therapeutische Regulierung von Proteinfunktionen ein-
gesetzt zu werden. Hierbei wiirden bestehende Ansatze zur Genom- und Transkriptom-Manipulation

durch bisher undurchfiihrbare Eingriffe auf RNA-Ebene erganzt.

Vil
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Chapter 1 Introduction

1. INTRODUCTION
1.1 RNA editing

The term RNA editing describes a process that can co- or post-transcriptionally change information
encoded within RNA transcripts, compared to the original genomic template DNA. This allows the ex-
pression of functionally different proteins from a single gene, independent of alternative splicing, thus
further increasing the transcriptome and proteome diversity [4]. RNA editing might therefore repre-

sent a force of adaptive evolution leading to more complex life [5].
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Figure 1-1: The inosine RNA-modification is introduced by deamination of adenosine and results in relaxed
base pairing properties.

(A) A hydrolytic deamination reaction converts adenosine into inosine. (B) The relaxed base pairing properties of
inosine allow it to form base pairs with uridine, adenosine and cytosine. The figure was assembled from images
adopted from reference [6] and [7].

In general RNA editing can occur by insertion, deletion or by substitution of bases through RNA modi-
fication. Trypanosomes for example, recode their mitochondrial RNAs by insertion and deletion of ur-
idine residues by TUTases [8]. However, the most common forms of RNA editing in mammals are aden-
osine-to-inosine (A-to-l) and cytidine-to-uridine (C-to-U) base substitutions. Both are introduced by
specific deamination reactions, that change the base pairing properties of the modified bases and can
be functionally distinguished. C-to-U RNA editing is performed by the multi-protein complex APOBEC-
1 (apolipoprotein B mRNA editing enzyme complex 1), which is acting only on single-stranded RNA.
The focus of this thesis lies on A-to-I RNA editing, which is performed by ADAR enzymes (adenosine
deaminase acting on RNA). They are believed to form homodimers and require double-stranded RNA

as substrate [9].



Chapter 1 Introduction

The hydrolytic deamination of adenine at its C6 position by ADAR enzymes results in hypoxanthine,
the nucleobase of inosine (Figure 1-1A). Inosine forms stable Watson-Crick interactions with cytidine,

but can also form weaker interactions with uridine and adenosine (Figure 1-1B) [21].

Until recently, it was commonly accepted that inosine-modifications within mRNAs are always read as
guanosine by cellular machines and during translation [10]. It was believed that the relaxed base pair-
ing with uridine and adenosine would be only relevant for the decoding of wobble base pairs at the
first anticodon position of tRNAs, allowing a single tRNA to decode multiple codons [22, 23]. Although
there is now in-vitro evidence that inosine within mRNAs could also be read as adenosine or uridine,
and therefore could result in mostly rare codon-context dependent alternative decoding events, this
needs to be verified in-vivo [10]. Until then, it can still be assumed that A-to-l editing of mRNA tran-

scripts basically introduces A-to-G point mutations at the RNA level.

Consequently, naturally-occurring RNA editing is able to influence many important cellular functions.
Co-transcriptional RNA editing at splice-sites, for example, can lead to the expression of alternative
protein isoforms by the removal of natural, or creation of cryptic, splice-sites, causing intron-retention
or exonization [11]. It can also modulate RNAi by A-to-I editing within precursor RNAs (e.g. pri-, pre-
miRNAs, endo-siRNAs), thus affecting their maturation or specificity, as well as manipulate miRNA
binding sites within mRNAs [12-15]. Some ADAR enzymes have important functions associated with
innate immunity (section 1.1.1.1.4) and circadian regulation of gene expression (section 1.1.1.2.1) [16,
17]. Finally, and most importantly for this thesis, A-to-I editing events can recode transcripts. Well-
characterized examples of naturally-occurring recoding with functional consequences mostly come
from mRNAs encoding neuronal transporters and channel proteins in the CNS, like the human GRIA2-
transcript, which encodes a subunit of the glutamate receptor 2 (GIuR2). RNA editing within the GRIA2-
transcript changes Glutamine (Q) to Arginine (R) at a specific site, called Q/R-Editing site, and drasti-
cally reduces the permeability of the resulting receptor channel for Ca** [18-20]. Further well-known
examples for recoding events by A-to-I RNA editing include the changed velocity of a Na*/K* ATPase
transporter [21], the modulation of G-protein/receptor interaction efficacies of the 5-HT(2C) serotonin

receptor [22], and the inactivation of the human K* channel K(V)1.1 [23].

Despite the obvious functional importance of recoding events, the majority of A-to-l RNA editing
events is found in non-coding RNA, like Introns and 3’ UTRs [24, 25]. A-to-l conversion induced by
natural RNA editing can range from barely detectable to nearly full conversion and can be different
between cell types, tissues [26], and developmental stages [27]. The fact that abnormal A-to- RNA
editing and ADAR expression are associated with several diseases, as explained in section 1.1.1.4, does
emphasise that RNA editing is a highly regulated process. A complex set of factors determines the
selection of adenosines within dsRNA substrates, and affects the percentage of A-to-l conversion at

2
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any given site, which will be discussed in more detail in section 1.1.2. In most cases, these factors can
be tied to structural features within the functional domains of ADAR enzymes, which are summarized

in the next section.

1.1.1 The human ADAR protein family

The human ADAR protein family consists of three proteins: ADAR1, ADAR2, and ADAR3, which contain
similar functional domains. A deaminase domain at the C-terminus and two (ADAR2, ADAR3) or three
(ADAR1) double-strand RNA binding domains (dsRBD) at the N-terminus [14]. While the binding to
dsRNA-substrates is predominantly accomplished via dsRBDs, the catalytic activity of ADARs is exe-

cuted by their deaminase domains.
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Figure 1-2: Domain structure of the human ADAR protein family.

The C-terminal deaminase domains are indicated in light blue. The double-stranded RNA binding domains
(dsRBD) are indicated in dark blue. The Za and ZB parts of the Z-DNA/RNA binding domain are indicated in light
and dark green. The nuclear localization sequences (NLS) are indicated in grey. The nuclear export sequences
(NES) of ADAR1 p150 is indicated in brown. The arginine-(R)-rich domain of ADAR3 is indicated in red. This figure
was adopted from reference [14].

1.1.1.1 ADARI exists in two distinct isoforms

ADAR1 has two reported isoforms, generated from the same locus: ADAR1 p110 and ADAR1 p150.
While both are expressed from different promoters, their mRNAs differ only in the first exon and the
utilized translation initiation codon, which is localized in exon 2 for the short ADAR1 p110 isoform, and

in exon 1 for the long ADAR1 p150 isoform [28].

The short ADAR1 p110 isoform is expressed from a constitutively active promoter and consists of a
deaminase domain, three dsRBDs, and the ZB-Part of a Z-DNA/Z-RNA binding domain that is not func-
tional when separated from its Za-Part (Figure 1-2) [29]. ADAR1 p110 is expressed ubiquitously in most
human tissues [30]. Under normal conditions, transportin-1 (TRN1) mediates its transport into the nu-

cleus, where it predominantly accumulates in the nucleoli due to its dsRBDs [31, 32].

The long ADAR1 p150 isoform is expressed from an interferon(IFN)-inducible promoter and, compared

to ADAR1 p110, includes an additional amino-terminal stretch with a nuclear export signal (NES), as

3
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well as the missing Za-Part of the Z-DNA/Z-RNA binding domain, rendering it functional (Figure 1-2)
[14, 33, 34]. Exportin-5 (XPO5) mediates the transport of ADAR1 p150 into the cytosol.

Although both isoforms are known to shuttle between nucleus and cytosol, ADAR1 p110 is localized
nearly exclusively in the nucleus, while ADAR1 p150 is predominantly localized in the cytosol [32]. Cor-
responding to their localization, both enzymes perform also different editing-dependent, as well as

editing-independent, functions within the cell, which will be explained in the following sections.

1.1.1.1.1 ADAR1 p110 can suppress apoptosis under stress conditions
Stress factors, like UV radiation, or heat shocks, can stimulate the phosphorylation of ADAR1 p110 via
the MAP kinase pathway (MKK6-p38-MSK MAP kinases). This promotes binding of exportin-5 (XPO5)

and the subsequent transport of ADAR1 p110 into the cytosol (Figure 1-3).
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Figure 1-3: Stress response function of ADAR1p110 regulated by MKK6-p38-MSK1/2 MAP kinases.

Stress-response function of ADAR1p110 regulated by MKK6—p38—MSK1/2 MAP kinases. Stress, such as UV irra-
diation and heat shock, activates the MKK6—p38—MSK1/2 signaling cascade. Stress-induced phosphorylation of
ADAR1p110 by MSK1 and MSK2 in the nucleus promotes ADAR1p110’s binding to Xpo5 and export to the cyto-
plasm. ADAR1p110, perhaps dephosphorylated by a currently unknown phosphatase, binds TRN1 and is im-
ported into the nucleus. After being translocated to the cytoplasm, ADAR1p110 inhibits binding of Staufenl to
Alu dsRNA present in the 3’ UTRs of many antiapoptotic mRNAs and promotes survival of stressed cells. This
figure and caption were adopted from reference [35].

Due to this localisation change, ADAR1 p110 can then compete with the cytosolic double-stranded
RNA binding protein (dsRBP) Staufen-1 for its substrates. Staufen-1 binds dsRNA structures primarily

composed of inverted Alu repeats, which are often present in the 3’'UTRs of anti-apoptotic transcripts,
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and facilitates their degradation in a process called Staufen-1-mediated decay. By preventing the decay
of these nearly 500 different mRNAs, which are required for the survival of stressed cells, ADAR1 p110
can suppress apoptosis. This function of ADAR1 p110 is completely independent from its A-to-I editing
activity [35, 36].

1.1.1.1.2 ADARI1 p110 regulates 3’ UTR usage and alternative polyadenylation

Without stress factors, ADAR1 p110 stays within the nucleus, where it is involved in the regulation of
alternative 3’ UTR usage and alternative polyadenylation. Some of these events are editing-dependent,
while others are not. It is assumed that ADAR1 p110 creates or destroys splice sites in the former and
competes with relevant dsRBP in the latter cases. While the exact mechanism is not clear yet, the
resulting change of miRNA- and regulatory protein binding sites represents a function of ADAR1 p110
in the regulation of the affected RNAs [37, 38].

1.1.1.1.3 The ADAR1 p150 Zaf domain - An intensely discussed topic
The Z-DNA/Z-RNA binding domain (Za domain) of ADAR1 p150 and its NES represent the most prom-
inent differences compared to ADAR1 p110. While the purpose of the NES is self-explanatory, the func-

tion of the ZaB domain is still widely discussed.

It was proposed that the Zap domain might facilitate dimerization of ADAR1 p150 and direct the en-
zyme to actively-transcribing genes to act upon the RNA prior to splicing [39], that it might allow pref-
erential binding to dsRNA substrates containing Z-RNA forming motifs and thereby increases their spe-
cific editing [40], and that the Zap domain might play an important role in the recognition of foreign

nucleic acids in the cytoplasm during host—pathogen interactions [41].

There is also evidence that the ZaB domain promotes recruitment of ADAR1 p150 into stress granules.
Under stress conditions, this results in the co-localisation with Tudor-SN, a nuclease involved in the
decay of hyper-edited, inosine containing miRNA precursors [42-45]. The discovery that Tudor-SN pro-
motes the activity of Endonuclease V, a ribonuclease that is specific for inosine-containing RNA, lead
to the hypothesis that the Za domain could be involved in the regulation of genes containing exten-
sively-edited Alu dsRNAs [14, 46]. How this hypothesis would integrate with the involvement of ADAR1
p110 in Staufen1l-mediated decay of Alu containing mRNAs under apoptotic stress is still open for de-
bate. Important factors to better understand these interactions could be the specific kind of stressor,
the expression level of ADAR1 p150 under non-pathogen stress, and the exact mechanism of the hy-

pothetical Tudor-SN/Endonuclease V regulatory pathway.

While there is a lot of debate regarding the specific functions of the Zap domain, it was demonstrated
that ADAR1 p150, as a whole, serves important functions in B cell development, intestinal homeostasis,

and the innate immune response [47]. The latter is discussed next.
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1.1.1.1.4 ADAR1 p150 enables self/non-self RNA sensing

To initiate innate immune responses only in the presence of pathogens, cells must have a way to dis-
criminate cellular self-RNAs from extracellular non-self RNAs. The sensing of double-stranded, foreign
nucleic acids (e.g. RNA viruses) by the cytosolic pattern recognition receptor MDAS5 results in type-|
interferon (IFN) production. IFN-I does in turn induce apoptosis of infected cells and causes an antiviral
state in healthy cells by expression of hundreds of interferon-stimulated genes [48]. However, endog-
enous mRNAs containing dsRNA structures, like Alu repeats stay unnoticed by MDAS [17, 47, 49]. This
discrimination is achieved by A-to-l editing of endogenous dsRNAs through ADAR1 p150. A specific
knock-out of the ADAR1 p150 isoform results in the accumulation of endogenous, immunostimulatory
RNAs that are specifically detected by MDAS and cause IFN-I production [47]. Consequently RNA edit-
ing by ADAR1 p150 enables cells to differentiate self-RNAs from non-self RNAs and to avoid autoin-
flammation [50, 51]. The fact that ADAR1 p150 prevents self-RNA sensing that would cause IFN pro-
duction, but is expressed from an IFN inducible promoter, highlights that it is regulated in a negative

feedback loop.

One of the mentioned interferon-stimulated genes is the protein kinase R (PKR). When activated by
foreign dsRNAs, it induces translational shutdown and cell death. Like MDAS5, the PKR can be activated
by unedited endogenous dsRNAs as well. However, to prevent PKR activation by endogenous dsRNAs,

the editing activity of both ADAR1 isoforms is required [52].

1.1.1.2 ADAR2

ADAR?2 is most abundantly expressed in brain and heart tissues [53, 54]. It is an important mediator of
recoding events that alter ion-channels in the CNS, like the Q/R as well as R/G editing of GRIA2 (ma-
nipulation of Ca?* permeability and receptor desensitization) or the I/V editing of KCNA1 (K* channel

inactivation) [14].

ADAR2 contains an amino-terminal NLS that allows binding to importin-a and facilitates its transport
into the nucleus, while its dsRBDs are necessary for its further dynamic enrichment at the nucleoli or
at other sites of dsRNA accumulation within the nucleus [32, 55, 56]. After its import, ADAR2 is modi-
fied by the prolyl-isomerase PIN1 at proline 33 and phosphorylated by a still unknown kinase at thre-
onine 32 to stabilize its nuclear localisation. In the cytosol, ADAR2 is rapidly degraded after being pro-

cessed by the E3 ubiquitin ligase WWP2 [14, 57].

ADAR?2 regulates its own expression in a negative feedback loop by auto-editing a proximal 3’ splice-
acceptor site within its own pre-mRNA, introducing a frameshift in the coding region that results in

loss-of-function [11, 58].



Chapter 1 Introduction

1.1.1.2.1 ADAR2 is a key player in the circadian clockwork
ADAR? is itself a circadian gene and as such linked to circadian rhythms, which are endogenously gen-
erated rhythms that synchronize major physiological processes with the environmental light-dark cycle

of the solar day (e.g. the sleep/wake cycles or rhythms of hormonal secretion) [59].

It is regulated by the mammalian clock gene regulatory network (CLOCK—ARNTL) and in turn generates
cyclic editing and mRNA rhythms for hundreds of downstream genes in the mouse liver. Thus, ADAR2
is important for various physiological aspects, like the speed of circadian oscillation rhythms or the
light-induced phase-shift of the circadian clock, which makes A-to-I editing a key mechanism of post-

transcriptional regulation in the circadian clockwork [16, 60, 61].

1.1.1.3 ADAR3 is assumed to negatively regulate A-to-I Editing by other ADARs

While ADAR1 and ADAR2 are catalytically active deaminases, ADAR3 is not only catalytically inactive,
but also inhibits RNA editing performed by the other ADAR enzymes, indicating a regulatory function
[62, 63]. The amino-terminal, arginine-rich single-stranded RNA binding domain (ssRBD) of ADAR3
functions as NLS [56] and enables ADAR3 to bind ssRNA, at least in-vitro [62]. A study suggested that
ADARS3 has a significant impact on learning and memory in mice, presumably through regulation of
genes involved in synaptic plasticity. The exact molecular mechanisms, however, remain unclear [64].

ADARS3 has been investigated far less than the catalytically active deaminases ADAR1 and ADAR2.

1.1.1.4 ADARs and their connection to disease

The participation of ADARs in numerous vital cellular processes, which are described above, highlights
the importance of maintaining a homeostasis in cellular editing. Unphysiological changes in A-to-1 RNA

editing and/or ADAR expression levels are connected to disease.

The local abundance of ADAR2 in the brain supports its association with a broad spectrum of patho-
logical CNS phenotypes. While ADAR2-KO leads to seizures and early death in mice [46, 47], aberrant
editing of ADAR2 targets is connected to schizophrenia [48, 49], depression [50-53], autism [54], and
amyotrophic lateral sclerosis [55-57]. Mice expressing deaminase deficient ADAR2 show adult onset

obesity caused by hyperphagia, but not by metabolic derangement [58].

ADAR1 p150 deficiency results in accumulation of endogenous, immune-stimulatory RNAs that cause
autoinflammation, while the absence of ADAR1 p110 might prevent the protection of anti-apoptotic
transcripts from Staufenl-mediated decay (see section 1.1.1.1 for more details). The findings explain
why a general ADAR1-KO, removing both isoforms, is embryonically lethal and accompanied by over-
production of type | IFNs and massive apoptosis in hematopoietic cells [65-67]. This fatality, which was

also observed after a selective ADAR1-p150-KO in mice, can be neutralized by a simultaneous ADAR1-
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p150-MAVS- or ADAR1-p150-MDA5-KO, which interrupts the MDAS signaling pathway and prevents

autoimmunity by accumulation of non-edited RNAs [47].

Although it is still unclear why edited RNAs are not detected by MDAS, it is indeed the RNA editing
activity of ADAR1 p150 that is essential to prevent autoinflammation. Mice that expressed only deam-

inase deficient ADAR1%* died at embryonic day 13.5, like the mice with a full ADAR1-KO [68].

Accordingly, it is assumed that ADAR1 mutations are connected to autoimmune diseases. Mutations
of ADAR1 are known to cause Aicardi-Goutieres syndrome (AGS), an early onset childhood encephalitis
with symptoms that mimic a congenital viral infection [69]. The disease leads in most cases to perma-
nent neurological damage with severe intellectual and physical disability. It is accompanied by elevated
concentrations of IFN-a in the cerebrospinal fluid (CSF)[70]. Another well-known example is dyschro-
matosis symmetrica hereditaria (DSH), an autosomal dominant pigmentary genodermatosis. It is char-
acterized by a mixture of hyperpigmented and hypopigmented macules distributed on the dorsal as-
pects of the extremities [71] and appears to be a condition connected to the ADAR1 p150 isoform and
IFN signaling [72]. Bilateral striatal necrosis (BSN), a dystonia caused by symmetrical degeneration of
subareas of the striatum, is in some cases also caused by ADAR1 mutations and associated with a dif-
ferent IFN signature [73]. A further example is hereditary spastic paraplegia, a degenerative neurolog-
ical disorder, which causes progressive spasticity and weakness in the legs [74]. A-to-I| editing activity
seems to be a very important factor in the mentioned diseases, since many patients share a common

G1007R substitution within the ADAR1 deaminase domain that prevents editing completely [75, 76].

Finally, ADAR1 seems to also play a role in certain types of cancer. Aberrant editing and dysregulation
of ADAR1 expression have been associated with basal cell carcinoma [77], breast cancer [78, 79], cer-
vical cancer [80], colorectal cancer [81], esophageal squamous cell carcinoma [82], gastric cancer [83,
84], glioma [85], hepatocellular carcinoma [86], leukemia [87], lung cancer [88], medulloblastoma [89],

melanoma [90], multiple myeloma [89], and prostate carcinoma [85].

1.1.2 The current mechanistic understanding of A-to-I RNA editing

The essential prerequisites for A-to-I RNA editing to happen are a dsRNA structure containing an aden-
osine as a substrate and the presence of an ADAR enzyme. The ADAR enzyme then binds to the dsRNA
via its dsRBDs and positions its deaminase domain to remove the C6 amino group from the presented
adenosine. Based on this oversimplified description, one would be tempted to assume the only rele-
vant factors for RNA editing are the expression levels of enzyme and target RNA. Contrary to this, the
expression levels play a minor role for the resulting percentage of A-to-I conversion (editing yield) at

any given editing site. This is supported by the fact that the editing yield increases throughout neuronal
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development in mice, while the ADAR expression levels stay the same [27]. Our mechanistic under-
standing of how specific adenosines are selected for RNA editing and which factors determine the rate
of conversion into inosine is still very limited, but has significantly improved over the last decade. These
findings include which editing modes exist, how and from which components editable dsRNA sub-
strates are formed, how substrate specificity can be diverse between members of the ADAR protein
family, how deaminase domains can target a specific adenosine, and which other factors enhance,

compete with, or prevent A-to-l RNA editing.

1.1.2.1  The connection between ADARs, A-to-I editing modes and RNA substrate structure

Currently the literature distinguishes two modes

of A-to-I RNA editing, which do not necessarily

have to be mechanistically different. Site-selec-

tive RNA editing and non-selective RNA editing s

Editing site
. . complementary
Exonic region sequence (ECS)
\\

Potential for %
A-to-l editing an

Figure 1-4: Co-transcriptional formation of a dsRNA

(formerly called hyper-editing) [91]. The term
site-selective RNA editing describes an editing
event that takes place at a specific adenosine of

a particular transcript, while nearby adenosines

stay unaffected. In most cases, these specifically-
changed adenosines represent recoding events,
which change the sense of the transcript and oc-

cur in dsRNAs with imperfect base pairing,

substrate structure for A-to-l editing, between an ex-
onic region, containing potential editing target sites,
and an intronic ECS.

This figure and caption were adopted from reference

(2]

bulges, and loops [91]. Among all RNA editing events that happen in the transcriptome, site-selective
editing embodies the smallest fraction, but at the same time comprises some of the most important
single editing events. A good example is the Q/R editing of GIuR2, which recodes a CAG codon (Q) into
a CIG codon (R) and is essential for survival in mammals [92]. Because ADARs can only edit dsRNAs,
site-selective editing requires an editing complementary sequence (ECS), often localized within an ad-
jacent intron [2]. The ECS allows the formation of a dsRNA structure as substrate for the deaminase
domain and the dsRBDs of the different ADARs (see Figure 1-4). The highly efficient editing (up to 100%
conversion) found at some mRNA (e.g. GIuR2 Q/R site) or miRNA editing target sites, requires the ad-
ditional presence of an adjacent long stem loop structure, referred to as editing inducer element (EIE),

that facilitates the local enrichment of ADARs (see figure Figure 1-5) [3].

Excessive editing is called hyper-editing when it affects over 50% of all adenosines within >100 bp long,
perfectly paired dsRNA structures [93]. This term was introduced after early in-vitro studies, however,
and this kind of excessive editing has been rarely found in-vivo, since. This lead to the slightly more

accurate term non-selective RNA editing for the description of multiple, locally adjacent editing events

9
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in long, perfectly-paired dsRNAs [94]. But even seemingly non-selective, promiscuous editing events
were shown to be site specific between different individuals [94]. Therefore, multiple locally adjacent
editing events are not necessarily non-selective. There might be no mechanistic difference between
the two mentioned editing modes, as non-selective editing could be just the presence of multiple site-

specific editing events in direct proximity, but this remains to be verified.

Y
Editing inducer element

Figure 1-5: A model for efficient site selective A-to-l editing using an editing inducer element (EIE).

The process of efficient editing occurs as two consecutive events: 1) ADAR (in blue) recognizes a longer intronic
stem by a non-specific interaction; 2) when the ADAR enzymes have been recruited, the catalytic domain of the
protein interacts with a specific site, ideal for catalysis, situated in a shorter stem limited by a barbell-like structure
(in grey). The site of selective editing is indicated in red. This figure and caption were adopted from reference [3].
However, editing events that are at present described as non-selective are predominantly found in
non-coding RNA, especially enriched in Alu SINEs and other repetitive retrotransposon elements. Alu
SINEs are ~300 bp long and can form the above indicated perfect dsRNA structures due to the presence
of inverted repeats. While the number of edited individual adenosines within Alu repeats is high, the
editing yield at each site, calculated over all Alu transcripts, is in most cases very low (below 1% con-

version from A-to-l at each individual site) and is also decaying exponentially with the distance to the

next reversely oriented neighbour Alu SINE [95].

Overall ADAR1 is the primary editor of repetitive sites like Alu SINEs and ADAR?2 is the primary editor
of nonrepetitive coding sites [96]. The function of ~80 mammalian genes might be regulated by side-
selective (>20% editing yield) recoding events (a list of selected mMRNA recoding events and their func-
tional relevance can be found in review [14]). These, however, are a small minority relative to the over

100 million non-selective sites found in Alu repeats (~1% editing yield) [97].

This section clarifies that there is an association between site-selective editing, ADAR2, and imperfect
dsRNA substrates on the one hand and non-selective editing, ADAR1, and perfect dsRNA substrates on

the other.

10



Chapter 1 Introduction

1.1.2.2 ADAR domains and their individual contributions to selectivity and preference

The specificity of ADAR enzymes is defined by two factors: selectivity and preference [98]. In conjunc-
tion, they dictate which adenosines are selected for editing and to which extent these are converted

to inosine.

1.1.2.2.1 Selectivity
The term selectivity describes the number of adenosines selected for editing within a given dsRNA and
depends on substrate length, substrate structure (section 1.1.2.1), and interactions of the substrate

with dsRBDs and deaminase specific 5° RNA binding loops of ADARs.

Double-stranded RNA binding domains of ADARs guide their catalytic deaminase domains towards
dsRNA-substrates. They show a conserved aBBa-fold topology and bind to dsRNA sequences of 11-
16 bp in length [99, 100], spanning from one minor groove to the next adjacent one in an A-form RNA
helix. Two competing models try to explain how dsRBDs can affect adenosine selectivity, the RNA
shape recognition model and the RNA sequence recognition model. The former proposes dsRNA recog-
nition by shape [101, 102], and the latter extends the shape recognition by several sequence specific

interactions [103, 104].

Because dsRBDs detect internal bulges and loops in dsRNA as sequence ends, the secondary structure
of the dsRNA itself can regulate the binding modes available for dsRBDs, and does therefore affect
selectivity [94, 105]. This mechanism might be fine-tuned by additional sequence recognition through

readout of the minor grooves within A-form helix dsRNAs by dsRBDs [104].

While it was already discovered earlier that the exchange of the deaminase domains between ADAR1
and ADAR2 also switched the selectivity of the resulting chimeric protein [127], it was just recently
revealed that this selectivity is mediated by deaminase specific 5’ binding loops (aa457-479 in ADAR2,
aa972-999 in ADAR1). These loops recognize the dsRNA structure 5’ of the editing site through inter-
actions with the phosphodiester backbone across the major groove [106]. It is assumed that the dif-
ference in selectivity between the two ADAR deaminase domains depends on a diverging bias for short
(ADAR1) or long (ADAR2) stem structures 5’ of the target adenosine. This bias is supposed to depend
on the primary formation of contacts to both strands (ADAR2), or mostly the non-edited (ADAR1)
strand, of the substrate [106]. Nevertheless, it is important to highlight that the structural details of
the interaction between 5’ binding loop and dsRNA substrate are only certain for ADAR2 [1] (see Figure

1-6).

11



Chapter 1 Introduction

......... Side chain
--------- Backbone

LY

1 OnPon O Pon Y o O o ‘Y on € »

d g U U g Hzo
| B

Figure 1-6: Structure of hADAR2d E488Q bound to the Bdf2-C RNA duplex at 2.75-A resolution.

(a) View of structure perpendicular to the dsRNA helical axis. Colors correspond to those in Figure 1a and c. Red,
flipped-out base N; gray space-filling sphere, zinc; yellow, Q488; green, previously disordered aa 454-477 loop;
space filling, IHP. A transparent surface is shown for the hADAR2d protein. (b) View of structure along the dsRNA
helical axis. (c) Summary of the contacts between hADAR2d E488Q and the Bdf2-C RNA duplex. Figure and cap-
tion were adopted from reference [1].

However, binding of an dsRNA by an ADAR enzyme does not necessarily result in RNA editing. Binding
and editing are independent events, with independent functional relevance. This is demonstrated for
instance by Staufenl-mediated decay, which is mediated by dsRNA binding (section 1.1.1.1.1) and by
self-/non-self sensing, which is mediated by RNA editing (section 1.1.1.1.4) [94, 107, 108]. The factors

that determine if editing occurs, and to which extent, are discussed next.

1.1.2.2.2 Preference

The term preference describes the extent of A-to-l conversion at a particular site [98]. Human ADAR1
and ADAR2 have a nearest neighbour nucleotide preference (also called triplet preference), ADAR1
even a 5’ second nearest neighbour preference [93, 106, 109]. The extent of editing for both enzymes
is increased, if the 5’ neighbour next to the adenosine in question is U > A > C > G. In case of ADAR1
the second nearest 5’ neighbour is preferably a U [106]. Regarding their 3’ neighbour ADAR1 and
ADAR2 have different preferences. ADAR1 prefers a 3° G > C ~A > U, while ADAR2 prefersG>C> U

~A [110]. In addition, ADARs also have a counter base preference. Adenosines matched with a U or
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mismatched with a C show high rates of A-to-I conversion, while A-A and A-G mismatches nearly abol-

ish editing [111].

The ADAR2 crystal structure allows to explain the mechanistic background of the mentioned prefer-
ences. The deaminase domain uses a positively charged surface near the zinc-containing active site to
contact both strands of the duplex on one side of the dsRNA covering a stretch of 20 bp (see Figure
1-6). To accomplish deamination, it needs to flip the target adenosine out of the duplex and into its

catalytic centre. To stabilize the resulting complementary-strand orphan base, the residue 488, a part

of the ADAR2 base-flipping loop, penetrates the
helix from the minor-groove side, where it occu-
pies the space vacated by the flipped-out base.
There, it can then form hydrogen-bonds to the or-
phaned base and to the 2’-hydroxyl of the ribose
immediately 5’ to the editing site. This flip-out
mechanism explains the counter base preference,

because purines at the orphan base position

would sterically clash with the penetrating 488

residue, while pyrimidines do not.

The 5’ nearest neighbour preference for U (and A)
can be explained in a similar manner, since the

presence of a G or C at this position induces a de-

stabilizing clash of an amino group in the minor

S486

groove with the protein backbone at Glycine 489

(see Figure 1-7A). However, this steric issue can
Figure 1-7: Structural reasons for nearest neighbour
preferences.

(A) Guanosine 2-amino group clash with Gycine 489. (B) ©f the deaminase domain, resulting in moderately

Guanosine 2-amino group hydrogen bound with Serine
486. This figure and caption were adopted from refer-

ence [1]. the 3’ nearest neighbour preference, the struc-

be compensated by slight structural perturbations

to dramatically lowered editing yields. Concerning

ture indicates quite the contrary. In this situation, the 2-amino group of the preferred 3’ G functions
as a hydrogen-bond donor for the backbone carbonyl oxygen at Serine 486 (see Figure 1-7B). Since G
is the only common nucleobase that can do this within the RNA minor groove, the exchange of G for
A, C or U reduces the rate of A-to-I editing and thereby explains the 3’ nearest neighbour preference

of ADAR2 [1].
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1.1.2.3  The effect of other RNA-modifications on A-to-| RNA editing

A-to-l RNA editing takes place in an environment of non-canonical bases, surrounded by more than
160 other types of RNA modifications [112]. Despite the large number of RNA modifications that have
been identified by now, N6-methyladenosine (m6A) is the only one known, so far, that does negatively
correlate with inosine and therefore A-to-I RNA editing [113]. This effect is probably caused by a steric
perturbation of the catalytic centre of ADAR enzymes by the additional methyl group. As m6A is only
present in 0.2-0.6% of all adenosines, and, in most of these cases (~70%), within hard-to-edit GAC
codons, the general impact of this negative correlation on natural A-to-I RNA editing is not very large,
but could be relevant to fine-tune cellular processes [114-116]. Competition with known, or currently
unknown, RNA-modifications, however, might explain rare and unexpected hard-to-edit sites in the

context of site-directed RNA editing approaches, which will be discussed next.
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1.2 Site-directed RNA editing

By redirecting adenosine deaminases to specific adenosines in selected mRNA targets, it is possible to
harness the capabilities of natural RNA editing (Figure 1-8) and turn it into a powerful instrument for

transcript manipulation, called “site-directed RNA editing” (SDRE).

[ Splice sites ]

Cap |5°UTR ORF 3'UTR | Poly-A
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Figure 1-8: Conceivable direct and indirect manipulation of mRNAs by site-directed A-to-l RNA editing.

Splice sites, Start- and Stop-codons, 12 out of the 20 canonical amino acids and miRNA binding sites, mostly
localized within the 3’ UTRs, could be altered by A-to-I RNA editing when directly targeting an mRNA. The RNA
editing of Serine- (S), Threonine- (T), Tyrosine- (Y) and Asparagine (N)-residues, which are targets for phosphor-
ylation or glycosylation, could manipulate signaling cascades, as well as structure and function of encoded pro-
teins. It might also be possible to indirectly manipulate the regulation of a mRNA by RNA editing of corresponding
pri-,pre- or even mature miRNAs.

As already mentioned earlier, RNA editing can affect important cellular processes, e.g. splicing and
RNAI [14, 15]. But one of the most interesting capabilities of RNA editing, from a therapeutic point of
view, is the ability to recode transcripts. The simple A-to-G base substitution can manipulate both start
[117] and stop codons [118] as well as recode 12 of the 20 canonical amino acids [119, 120]. This allows
to correct G-to-A transitions at the transcript level, which can cause splice-site, missense, and non-
sense mutations. When including all types of point mutations, these make up the largest fraction
(~63%) of all disease causing mutations in humans [121]. In addition, some of the 12 recodable canon-
ical amino acids contain residues, which are targets for phosphorylation (serine, threonine, and tyro-
sine) or glycosylation (Asparagine). This allows the potential use of site-directed RNA editing to manip-
ulate signaling cascades [120, 122-128], as well as influence protein structure and function [118, 129,

130].

The idea of site-directed RNA editing for the correction of mutated RNAs was first introduced by Tod
Woolf and co-workers in 1995 [131]. They in-vitro hybridized a 52 nt long, single-stranded guideRNA,
which was called “correcting RNA oligomer” at the time, to a target mRNA and injected the mixture
into Xenopus eggs. A-to-I RNA editing within the created duplex, performed by endogenous Xenopus
ADAR, resulted in the conversion of an amber stop codon (TAG) into a tryptophan codon (TGG),
thereby restoring the full length reporter and its activity. However, issues like the relatively low editing

yield and the strong off-target editing within the gRNA-mRNA duplex could not be solved back then.
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Nevertheless, those pioneer experiments proved that RNA editing had the potential to be utilized as

therapeutic approach for transcript repair in the future.

Nearly two decades after this proof-of-principle study, site-directed RNA editing was rediscovered and
refined by the Stafforst group and others [132-136]. Several novel site-directed RNA editing systems
utilizing engineered or wild-type deaminases, starting with the SNAP-ADAR system introduced in 2012

[133], were established since then and generated more and more interest in this field.

The goal of every SDRE approach is the efficient conversion of one certain target adenosine into ino-
sine, while preventing the unspecific deamination of other non-target adenosines, called off-target
editing. The general principle is that some form of antisense-oligonucleotide (ASO) guides a deaminase
towards a specific adenosine within a selected target mRNA by Watson-Crick base pairing, thereby
simultaneously forming the dsRNA substrate required by ADAR deaminase domains (DD). Due to their
function, those ASOs are often called guideRNAs. Because ADAR DD prefer adenosine mismatched
with cytosine for most efficient conversion (section 1.1.2.2.2), the target adenosine within the gRNA-
mRNA duplex is normally arranged with the respective cytosine counter base [111]. Based on the same
principle, adenosine-guanosine mismatches make the adenosine in question nearly editing-inert and
can be utilized to prevent off-target editing [132]. Due to the triplet preference of wild-type ADAR DD
already explained in section 1.1.2.2.2, the more esily edited 5'-UAG codons are often used as target
when establishing SDRE approaches. Additionally, the codon scope of some SDRE systems was inves-

tigated partially (5’-UAN codons) or entirely (all editable codons) [120, 137, 138].

A SDRE system works efficiently when the A-to-I conversion of the target adenosine took place in most
of the target transcripts. This can be quantified by comparison of adenosine-guanosine double peaks
in Sanger sequencing reads of reverse-transcribed, edited mRNAs or by NGS. High specificity of a SDRE
system is given when no off-target editing, or only few sites with low conversion yields, occur. The
location of potential off-target editing is not limited to the duplex containing the target adenosine, but
can also occur at other sites spread over the whole transcriptome. Which sites might be affected de-
pends on the targeting strategy of the used SDRE approach. The duplex containing the target adeno-
sine, as well as similar sequences that allow partial binding of the used gRNA, are always good candi-
dates. Engineered deaminases, although their selectivity is dictated by the used targeting approach,
can inherit the triplet preference of the original wild-type enzyme and may cause gRNA independent
off-target editing at sites optimal for deaminase domain binding, if overexpressed excessively [120,

138].
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1.2.1 Site-directed RNA editing systems that are using engineered deaminases

The natural dsRBD-dependent targeting mechanism of wild-type ADAR enzymes was initially believed
to essentially require dsRNA-structures formed in cis, not trans [132], which were supposed to be dif-
ficult to create [138]. This, and the fact that engineering of deaminase domains allowed to extend
their triplet preference, resulted in several SDRE approaches using fusion proteins consisting of mu-
tated DD attached to alternative targeting systems, different from dsRBDs. These are explained in

this section.

1.2.1.1 The SNAP-ADAR site-directed RNA editing system

The SNAP-ADAR site-directed RNA editing system was established in the Stafforst lab and first pub-
lished in 2012 [133]. It is currently the best-characterized, site-directed RNA editing system [139]. The
principle is based on covalently-bound RNA deaminase conjugates, which are guided towards a specific
adenosine within a selected target mRNA by Watson-Crick base pairing. In this process, the RNA por-
tion of the conjugate simultaneously guides it towards its target site and forms the necessary dsRNA
structure as substrate for the deaminase (Figure 1-9). The RNA deaminase conjugate is assembled from

the fusion protein SNAP-ADAR and a chemically modified guideRNA in a 1:1 stoichiometry.

The fusion protein part of the conjugate consists of a human wildtype or mutant ADAR deaminase
domain and a SNAP-tag domain. The SNAP-tag is based on an engineered human 06-alkylguanine-DNA
alkyltransferase (hAGT), which facilitates the irreversible transfer of the alkyl group from its substrate
to one of its cysteine residues. The short 22 nt BG-gRNA contains 2'-O-Me and phosphorothioate back-
bone modifications similar to antagomirs [140], as well as a 5’ terminal O6-benzylguanine (BG), which
can readily react as hAGT substrate [141] and facilitate the covalent bond of the guideRNA to the SNAP-
ADAR fusion protein [142]. Due to the necessary BG-moiety, the SNAP-ADAR System cannot be genet-
ically encoded. This represents a major disadvantage of the system, but comes with several advantages
connected to the benefits of further chemical modifications, which can in turn not be realized in an
encodable system. These include the potential to optimize BG-gRNA properties like potency, specific-

ity, efficiency, stability, and most likely also immunogenicity [139].

By using photocaged BG-gRNAs the system did also allow the light driven assembly of the SNAP-ADAR
conjugates. These could be used in cell culture to change the localisation of reporter proteins by inclu-
sion of localisation signals [117] and even to facilitate SDRE in living organisms [143], proving the huge

potential of the system to address biological questions in basic research.
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Figure 1-9: The SNAP-ADAR site-directed RNA editing system.

(A) General concept: The double-stranded, RNA-binding domains (dsRBDs) of hADAR have been substituted with
the SNAP-tag. The latter is able to form a covalent bond to a guideRNA that is modified with benzylguanine (BG).
When bound to the SNAP-ADAR, the guideRNA steers the attached SNAP-ADAR protein to the target RNA and
forms the necessary secondary structure for A-to-I editing catalyzed by the deaminase domain. (B) A typical BG-
guideRNA that targets a UAG site with a 5-CCA anticodon. The guideRNA is 22-nt long and is densely chemically
stabilized by 2’-methoxylation and terminal phosphorothioate linkages (commercially available). The first three
5’-terminal nucleotides do not base-pair with the target RNA, but serve as a linker. The sequence comprises an
unmodified ribonucleotide gap (5°-CCA), which faces the target site and contains a central mismatching cytosine
opposite the targeted adenosine for efficient deamination. A commercial C6-amino-linker is located at the 5’-
end of the guideRNA to introduce the BG modification to the full length oligonucleotide. Modification of the
guideRNA with OSu-activated BG can be performed in any reaction tube. Figure and caption were adopted from
reference [120].

SNAP-ADAR variants consisting of different human ADAR1 and ADAR2 deaminase domains, including
hyperactive EQ mutants, were characterized through targeting of endogenous mRNAs. The mutant DD

allowed an extended triplet scope and achieved editing yields up to 90% in cell culture [120].

Due to the use of chemically modified BG-gRNAs, off-target editing within the gRNA-mRNA duplex was
almost completely blocked, independent of the used DD. Global off-target editing was nearly absent
when using wild-type DD and could be reduced for DD EQ mutants by using only shortly doxycycline-
induced, SNAP-ADAR-expressing Flp-In T-REx cell lines. At the moment, the SNAP-ADAR SDRE system
shows in every regard (gRNA-mRNA duplex, transcriptome wide) the lowest off-target editing of the

available SDRE systems using engineered deaminases [139].

18



Chapter 1 Introduction

1.2.1.2 The AN-BoxB and the MCP-MS2 site-directed RNA editing systems

The AN-BoxB site-directed RNA editing system was established in the Rosenthal lab and first published
in 2013 [132]. The approach uses a fusion protein consisting of the 22 amino acid long AN-peptide and
a human ADAR2 deaminase domain (DD). The AN-peptide derives from the A-phage N-protein, were it
normally facilitates the nanomolar-affinity binding to boxB RNA hairpin motifs, thereby causing the
anti-termination of A-phage mRNA transcription [144]. The guideRNAs containing one or more 17 nt
long boxB motifs and a ~50 nt antisense part were used to steer the fusion protein to its target mRNA

and to create the dsRNA substrate necessary for the deaminase domain activity (Figure 1-10).
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Figure 1-10: The AN-BoxB site-directed RNA editing system.

(A) Schematic showing the basic component of the AN-BoxB site-directed RNA editing system. (B) Improved
2xboxB gRNA. (C) Improved 4xAN-DD fusion protein with EQ mutation. This figure was assembled from images
adopted from reference [145] and [138].

The system allowed the correction of the CFTR W496X amber mutation both in-vitro and in Xenopus
oocytes after, their injection with guideRNA and a mRNA encoding the AN-DD fusion protein. In addi-
tion, the eGFP W58X amber mutation could be corrected up to 20% after transfection of a plasmid
encoded version of the system in HEK-293T cells [132]. By using a fusion protein containing four AN-
peptides and an ADAR2 E488Q deaminase domain, together with a gRNA containing two boxB motifs
(~85 nt in total length), editing yields up to ~70% could be achieved for triplets preferred by the ADAR2

DD, but resulted also in strong off-target editing [138].

Even though off-target editing could be largely abolished by reduction of the transfected gRNA
amount, this diminished the editing yields to 25% [138, 139, 144]. A localisation change of the fusion
proteins into the nucleus by incorporation of an NLS lowered off-target editing by 50% in general, while
keeping the on-target editing unchanged. Anyway, even the NLS-4xAN-DD, which resulted in the lowest
off-target editing, caused 8800 events of >10% conversion, as detected by NGS [145]. The system can

perform very efficient on-target editing, but its specificity remains a major issue.
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Although the AN-BoxB system was so far mainly characterized by targeting overexpressed reporter
constructs, experiments published by the Mandel lab in 2017 achieved editing of an endogenous
Mecp2 mRNA in cultured mouse neurons. In their study, SDRE restored 72% of the mutant mRNAs,

which cause Rett syndrome, resulting in functional protein repair [139, 146].

A SDRE system similar to AN-BoxB was established in the Tsukahara lab and first published in 2017. It
used MS2 coat proteins (MCP) instead of the AN-peptide, and MS2-loops instead of boxB motifs, but

achieved only ~5% A-to-I conversion when editing the same eGFP W58X amber reporter [134].

1.2.1.3 The CRISPR-Cas13 site-directed RNA editing system

The CRISPR-Cas13 site-directed RNA editing system was established in the Zhang lab and first published
in 2017 [137]. It is again similar to the AN-BoxB and the MS2 site-directed RNA editing approaches, but,
in contrast to those, uses a Cas13-DD fusion protein (Figure 1-11). The hyperactive deaminase domain
mutants ADAR1 E1008Q and ADAR2 E488Q were used for the fusion protein again, as they result in
higher editing yields. The used Cas13 variant PspCas13b is lacking nuclease activity due to directed

mutations of conserved residues in HEPN domains.

ADAR,,  dcas13b guide RNA
MR/
) target A specified conversion of )
by mismatching C targetAto |
on guide RNA

Figure 1-11: The CRISPR-Cas13 site-directed RNA editing system

Catalytically dead Cas13b (dCas13b) is fused to the deaminase domain of human ADAR (ADARDb), which naturally
deaminates adenosines to inosines in dsRNA. The gRNA specifies the target site by hybridizing to the bases sur-
rounding the target adenosine, creating a dsRNA structure for editing, and recruiting the dCas13b-ADARpp fusion
protein. A mismatched cytidine in the gRNA opposite the target adenosine enhances the editing reaction, pro-
moting target adenosine deamination to inosine, a base that functionally mimics guanosine in many cellular re-
actions. Figure and caption were adopted from reference [136].

It has no sequence constraints by protospacer adjacent motif (PAM) or protospacer flanking site (PFS)
like other CRISPR-Cas9 or -Cas13 systems. In regard to targeting limitations, this brings the system on-
pair with the other discussed SDRE approaches that utilize deaminase domain EQ mutants within their
fusion proteins. The used guideRNA is expressed from a U6 promoter and consists of a 35 nt 3’-terminal
hairpin, called direct repeat (DR) sequence, which recruits the Cas13 and a 50 nt antisense part that

itself targets the chosen mRNA.

The system was tested by targeting 200-bp long excerpts of 34 disease relevant target genes, each

cloned into a reporter construct, and achieved editing yields distributed evenly between <5% and 35%
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in this setup. At a Cluc-reporter target, a maximum of ~90% editing could be achieved. Also 5'-UAG

sites of endogenous KRAS and PPIB mRNAs were edited with efficiencies from 15% to 45%.

In contrast to the AN-BoxB system, off-target edits were in case of the CRISPR-Cas13 system mainly
caused by overexpression of the fusion protein, not the gRNA. Thus focusing on the fusion protein, a
screen of several residues involved in the DD-RNA contact surface formation resulted in the ADAR2 DD
E488Q/T375G double-mutant. The T375 residue normally contacts the ribose-phosphate backbone of
the target adenosine (Figure 1-6C). This new mutant allowed to lower the number of off-target edits
from more than 18.000 to only 20 events. This was accompanied in many cases by a reduction of on
target editing, e.g. at the Cluc-reporter target from ~90% to ~45%, but also at other targets (Figure 6F
and Figure S19 in [136]).

1.2.2 The R/G gRNA site-directed RNA editing system
The R/G gRNA site-directed RNA editing system was established in the Stafforst lab and first published
in 2016 [118]. It was the first SDRE system able to harness overexpressed human wild-type ADAR2 and

represents the foundation for this thesis.

The system was based on a naturally-occurring and well characterized ADAR2 dsRNA substrate, the
R/G-site of the human GRIA2-transcript, which is encoding a subunit of the glutamate receptor 2
(GluR2). In the natural GRIA2-transcript the R/G dsRNA motif that is formed in cis with an intronic ECS,
facilitates the binding of ADAR2 via its dsRBDs. This results in an amino acid change from Arginine (R)
to Glycine (G) though an AGA to GGA recoding event at a specific exonic site. Accordingly, the process
was named R/G-editing. The natural R/G editing of the GIuR2 ion channel results in faster recovery
rates from desensitization [19]. The R/G motif was selected as starting point for the development of
the R/G gRNA SDRE system due to the high conversion rate of up to 90% reported at the natural R/G-
site [92], its very small size (only 45 nt), the distinct secondary structure with a terminal pentaloop
believed to be relevant for ADAR2 recognition [147], and its already characterized and well-defined
interaction with ADAR2 dsRBDs [103]. The Figure 1-12 shows how the trans-acting R/G gRNA was en-

gineered based on the natural cis-acting motif.

A R/G gRNA binds its target mRNA by Watson-Crick base pairing via its single-stranded antisense part.
The antisense-part-mRNA duplex represents the substrate for the ADAR2 deaminase domain, while

the R/G motif represents the dsRNA structure necessary for the interaction with the ADAR2 dsRBDs.

How the system was first optimized in-vitro, and then successfully transferred to cell culture and early
in-vivo experiments, using the annelid Platynereis dumerilii, is summarized in Dr. Wettengel’s disser-

tation [148].
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Figure 1-12: Engineering of the trans-acting R/G gRNA from the cis-acting R/G-site within the GRIA2-tran-
script for the recruitment of wild-type human ADAR?2 for site-directed RNA editing.

The top image shows the natural R/G-site bound by the two dsRBD and the deaminase domain of ADAR2. The
blue and red lines indicate intronic and exonic parts of the GRIA2-transcript. The arrow indicates the site between
two guanosines, indicated in green, were the R/G motif was cut in-silico. The bottom image shows how the re-
sulting hairpin (Red) was then fused to a 16 nt long single-stranded antisense part (Green), reverse complemen-
tary to a selected target mRNA (indicated in blue, and in this example being a mutant W66X amber CFP mRNA),
and containing a cytosine counterbase at the intended editing site. The editing site of the trans-acting gRNA
within the antisense-part-mRNA duplex was initially positioned 6 nt away from the just mentioned in-silico cut-
ting site, to resemble the distance of the natural R/G motif in cis. The resulting R/G gRNA allows to steer wild-
type human ADAR?2 to the CFP reporter mRNA to repair the stop codon at position 66 (UAG) to tryptophan. The
figure was adopted from reference [118].

When this project began, the state of the art allowed successful recruitment of human wild-type
ADARZ2, overexpressed in HEK-293T cells, to specifically edit G-to-A mutations like the eGFP W58X am-
ber nonsense mutation. The correction of disease-promoting point-mutations, like the p53 mutations
R175H and R282Q, had also been shown at RNA level. The cell culture transfection settings for HEK-
293T had already been optimized and allowed high-yield editing at the eGFP W58X amber target site
with up to 50% correction. Off-target editing concerning the target mRNA had been avoided by reduc-
tion of the used ADAR2 plasmid amount and by restricting the length of the R/G gRNA antisense part
to a length of 16 nt. Dr. Wettengel had also shown that simultaneous editing at two different target
sites in the same cell culture experiment was possible and did not negatively affect the editing yield

[148].
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Work performed during this thesis that contributed to the initially mentioned 2016 publication, and to
the further development of the R/G gRNA SDRE system thereafter, are discussed in section 3.1. A less
extensive study with similar claims regarding the recruitment of overexpressed wild-type human
ADAR2 was published in 2017 by the Nakagawa lab [135]. A very recent study utilizing AAV8-encoded
guide RNAs based on our early R/G designs achieved ~2% in-vivo correction of a dystrophin mutant in
mdx-mice and ~20% in-vivo correction of an OTC deficiency in spf*" mice by using overexpressed hy-
peractive ADAR2 E488Q. However, ADAR2 wt overexpression achieved only <1% and ~3% correction

[149].

1.2.3 Pros and contras resulting from functional components of the described SDRE systems
in the context of their intended therapeutic application

In principle, all above SDRE systems can be dissected into functional components, granting the higher-

level system unique properties but also limitations, which might become relevant for their potential

utilization as future therapeutic applications. These functional components are the deaminase domain,

which facilities the deamination reaction, the targeting domain, which facilitates the interaction be-

tween the guideRNA and the deaminase domain, and the guideRNA itself, which steers the whole SDRE

complex towards its target mRNA by forming Watson-Crick interactions.

GuideRNAs can be applied in a chemically-modified or a genetically-encoded form. Both harbour their
own pros and contras. Genetically encodable gRNAs can be expressed from polymerase Ill promoters,
like the U6-promoter, and can be encoded on plasmids, mini-circles, or viruses. Through the use of,
e.g., AAVs it might therefore be possible to facilitate their long term expression within transduced cells
and tissues [150]. Chemically-modified gRNAs on the other hand are only transiently available, but
come with a broad spectrum of potential advantages, which depend on the actually used modifica-
tion(s) and can include, as mentioned earlier, improved potency, specificity, efficiency, stability, and
potentially also lowered immunogenicity [139]. While many systems (AN-BoxB, MCP-MS2, CRISPR-
Cas13 and R/G gRNA) are in theory able to utilize chemically-modified as well as encoded gRNAs, the
use of chemically-modified gRNAs would deprive them of one of their biggest advantages, the ability
to be completely encodable, and therefore not transient in nature. Some other techniques are limited
to modified gRNAs due to specific prerequisites of the used targeting domain, or the used deaminase
domain. In case of the SNAP-ADAR system this would be the BG-moiety, which is essential for the
interaction with the SNAP targeting domain [142]. Examples for deaminase domain prerequisites
would be the ADAR2 E488F or E488Y deaminase domain mutants, which can only edit efficiently if the
gRNA contains an abasic site at the counterbase position, which is called the “bump-hole approach”

[151].
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The targeting domain as link between the deaminase domain and the gRNA differs between all men-
tioned SDRE systems and has therefore been eponymous for most of the systems. The only exception
is the R/G gRNA approach, which is named after its gRNA. However, the basic principle is the same for
all SDRE systems. The important factor to consider in this context is the origin of the proteins/peptides
utilized as targeting domain. In case of the CRISPR-Cas13, the AN-BoxB, and the MCP-MS2 SDRE sys-
tems, these proteins/peptides are foreign to human cells. The CRISPR-Cas13 originates from bacteria
(most commonly Staphylococcus aureus/pyogenes) [152], while the AN-peptide, as well as the MS2
coat protein (MCP), originate from bacteriophages [132, 153], which creates the problem of potential
immunoreactions against the targeting domains of these engineered editases [152]. The R/G gRNA and
the SNAP-ADAR systems, however, were developed based on proteins and RNA-motifs of human
origin. As already mentioned, the used SNAP-tag is based on the human O6-alkylguanine-DNA alkyl-
transferase (hAGT). In case of the R/G gRNA system the targeting domain of the protein was not ex-
changed in the first place. The natural dsRBDs of human ADAR2 were used to bind to the R/G gRNA.
This makes the SNAP-ADAR and the R/G gRNA systems a safer choice in regard to unintended immune-

reactions.

The last essential functional component to address is the deaminase domain. Systems using engi-
neered editases allow for rational design or directed evolution of the used deaminase domains to im-
prove specific desired features, or to diminish undesired ones. Popular examples are the EQ mutants
of human ADAR1 or ADAR2 deaminase domains, which lower their specificity, but simultaneously im-
prove the editing yield drastically [98]. Even the codon scope, which is defined by the nearest neigh-
bour preferences of the used deaminase (section 1.1.2.2.2), can be extended to some degree by engi-
neering of the DD [120, 136]. After the crystal structure of the ADAR2 deaminase domain, bound to a
dsRNA substrate, was published in 2016, it can be expected that several new mutants will emerge that
will allow further improvement to SDRE systems using engineered deaminases or mutant ADARs. A
very good recent example for this is the earlier mentioned “bump-hole approach”. This new approach
uses ADAR2 E488F or E488Y deaminase domain mutants, which are unable to edit natural dsRNA sub-
strates. Due to sterical hindrance of the natural interaction between the counterbase and the amino
acid 488 by the introduced bulky aromatic residues at this position, these mutants are only able to
efficiently edit dsRNA duplexes containing an abasic site instead of a counterbase. Thus the use of
chemically-modified guideRNAs containing a defined abasic site should facilitate more specific editing
of target mMRNAs and reduce unspecific off-target events often caused by overexpression of the engi-
neered deaminases [151]. As these deaminase mutants can be used independently from the utilized
targeting strategy, all SDRE systems can profit from this novel idea, as long as they switch to overex-

pressed mutant deaminases and chemically-modified gRNAs, thereby introducing already mentioned
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limitations. The only system that can benefit from this without any repercussions is obviously the

SNAP-ADAR system, as it is already restricted to chemically-modified gRNAs containing a BG-moiety.

Currently all SDRE strategies have in common that they require the overexpression of an editase (an
engineered one or wild-type ADAR2). In general, the overexpression of proteins is undesirable as it can
be toxic to cells and lead to adverse effects. Examples are the exhaustion of cellular resources (protein
burden), protein aggregation, unintended modulation of biological pathways, and the disruption of
natural regulatory processes [154, 155]. If, and to which extent, artificial proteins could cause such
problems, needs to be evaluated for each one individually, as the biological role of a protein cannot be
used to predict how it might harm the cell [154]. In the particular context of SDRE, overexpressed
editases cause off-target editing, in addition to the already mentioned problems [139]. Also the over-
expression of wild-type ADARs, like ADAR2, which have a broad spectrum of natural functions (section
1.1.1), might have strong negative effects on the editing homeostasis of human cells. But while all the
SDRE systems that are using artificial enzymes are fundamentally restricted to the overexpression of
their individual editase-construct, the R/G gRNA system has the prospect to potentially use the avail-

able endogenous wild-type ADARs in the future.

Finally, it needs to be considered, how the components of the SDRE systems can be administered into
living organisms. Because the therapeutic delivery of both DNA and RNA into living organisms are ex-
tensive, and rapidly improving, fields of research by themselves, the following is not intended to com-
prise all available options within these fields, but to give a brief impression what delivery options could
potentially be used for the SDRE systems. The AN-BoxB, the MCP-MS2, the CRISPR-Cas13 and the R/G
gRNA systems are fully genetically encodable, and could be administered, e.g., in the form of AAVs,
which are the current state of the art in clinical gene-therapy approaches [156]. This gives them a
broad spectrum of tissues as potential targets, just limited by the tropism of available AAV serotypes,
including CNS, heart, liver, lung, eye, and skeletal muscle [157]. While the SNAP-ADAR editase can also
be encoded in an AAV, the corresponding BG-gRNA and every other type of chemically-modified gRNA
has to be administered separately. A problem of the whole ASO field is the rapid excretion of naked
small RNAs through renal clearance [158]. However, an increasing spectrum of novel nanoparticles
[159], cell penetrating peptides (CPP) [160], or targeting-ligands like N-Acetylgalactosamine (GalNAc)
[161] are becoming available and can facilitate the efficient uptake of chemically-modified RNAs, alt-
hough still mostly limited to the liver, when applied intravenous or subcutaneous. Direct application
into the cerebrospinal fluid (intrathecal injection), the eye (intravitreal injection or eye drops), or in-
tratracheal nebulisation into the lung are already used in clinical studies, too, and allow chemically-

modified RNAs to reach other organs than the liver, as well [162, 163].
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While systems using chemically-modified gRNAs might be limited to become treatments due to their
transient nature, this limitation could also be a benefit in regard to ethical issues and safety, as all
changes performed by these systems would be entirely reversible. The fully encodable systems on the

other hand harbour the potential to cure diseases permanently.

To summarize, the functional components of a SDRE system and how they can be administered are

important factors to consider in the context of their intended therapeutic application.

1.2.4 Site-directed RNA editing in the context of genome engineering, RNAI, and mRNA tran-

script therapies
Beside the mentioned SDRE approaches, there are several other techniques in active development
that are focused on the manipulation of the transcriptome or the genome for therapeutic purposes.
Due to their very specific abilities and limitations, it is important to position SDRE in their context, to

make clear how it complements and extends the current reach of these other strategies.

1.2.4.1 Genome engineering

Genome engineering methods have been in development for several decades now. Starting with me-
ganucleases, then zinc-finger nucleases (ZFN), transcription-activator-like-effector nucleases (TALEN),
and now CRISPR-associated protein-9 nucleases (CRISPR-Cas9), the targeting strategy has improved to
become more modular, as well as faster and easier to engineer. Today the time-consuming assembly
of zinc-fingers or TALE-modules is not necessary anymore. The Cas9 nuclease can be steered towards
a DNA-target site by simple Watson-Crick base pairing via a short guide RNA, similar to how SDRE ap-
proaches are targeting mRNA. However, the final goal is still the induction of double strand breaks
(DSB) at specific genomic sites to either knock-out a gene by causing indels (Heterogenic mixtures of
insertions or deletions) via the error prone non-homologous end joining (NHEJ) repair pathway, or to
correct a gene via homology directed repair (HDR) using a simultaneously applied DNA-repair template

[164].

While CRISPR-Cas9 theoretically allows the correction of any type of mutation, it comes also with lim-
itations. One is the protospacer adjacent motif (PAM), which derives from the origin of the CRISPR-
Cas9 system as adaptive immune system of bacteria and archaea. The PAM is a short 2-5 bp long recog-
nition motif that helps bacteria to distinguish their own DNA from the DNA of invading bacteriophages
and must be present within a target DNA for Cas9 to induce a DSB [165]. While tremendous efforts are
underway to engineer CRISPR-Cas systems with broader PAM compatibility, it is still not feasible to
target any possible site in the human genome [166]. SDRE systems on the other hand are limited to

the manipulation of transcripts and can currently only perform A-to-G transitions within their range of
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triplet preferences. While there is great interest to extend this by C-to-U transitions through site-di-
rected recruitment of deaminases from the APOBEC-family, or even non-enzymatic, site-directed C-to-
U RNA editing, we are not there yet [167]. In the context of potential editing sites, the CRISPR-Cas9
system and the current SDRE approaches have obviously different limitations, which allows them to

complement each other in this regard.

Concerning safety and efficiency, however, the SDRE approaches show some clear advantages. It is
important to highlight that the following arguments are focused on the in-vivo application of CRISPR-
Cas9, not on ex-vivo treatments, which allow more control over the genetic constitution of the re-
administered cells. While NHEJ can knock-out target genes, the much less frequent HDR and the sim-
ultaneous presence of a DNA repair template are necessary to actually correct a mutation. This is a
problem, as NHEJ is a much faster and more efficient process than HDR [168]. It becomes even more
challenging if post-mitotic cells, like neurons, are targeted, as HDR happens nearly exclusively in late S
and G2 stages of the cell cycle [169]. Due to the necessity of HDR, the simple presence of all CRISPR-
Cas9 components within a cell is not sufficient to repair a mutant gene and could as well just cause
additional damage at the target site through NHEJ. Therefore, most current in-vivo applications of
CRISPR-Cas9 in basic research are focused on the disruption of their target genes, resulting in knock-
out, but not repair [170, 171]. However, if HDR does indeed occur, it can restore 100% of the wild-type
gene product within the cell in question. SDRE approaches on the other hand result directly in correc-
tion at RNA level in every cell positive for all SDRE system components. While SDRE approaches might
never reach 100% correction, a smaller fraction of functional gene-product could be restored in a much
larger fraction of cells this way and might result in a larger patient benefit, at least in the context of
loss-of-function mutations. The option to control the time span as well as the extent of the manipula-
tion could also enable interesting new therapeutic options as some interventions on, e.g., kinases,
apoptosis-, transcription-, or translation-factors might be cytotoxic if enforced permanently [172]. This
opens up the possibilities to modulate signaling cascades, including local inflammation [136]. In addi-

tion, there is no reason why SDRE should not work efficiently in post-mitotic cells.

Also concerning safety, the CRISPR-Cas9 genome editing approach has still some problems to solve. As
already mentioned in the previous section, the Cas-proteins originated from bacteria. This brings along
the problem of immunoreactions against an overexpressed foreign protein [173]. While this is also true
for most of the mentioned SDRE approaches, at least the SNAP-ADAR and the R/G gRNA approach do
not contain foreign proteins or peptides. Off-target editing of genome engineering approaches is also
widely discussed as a safety hazard in the literature, especially in the context of in-vivo patient appli-
cations. The off-target induction of DSB can cause large scale genomic alterations and oncogenic mu-

tations with potentially pathological effects on the treated patients [174, 175]. SDRE approaches are
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promising in this regard, as they do not require any interaction with the genome. While off-target
editing is also an issue that SDRE approaches have to deal with, they could never result in the complete

knock-out of a gene and, depending on the used SDRE system, are transient and reversible.

A novel type of CRISPR-based genome editing using engineered DNA base editors is currently evalu-
ated. These systems use CRISPR guided deaminases based on TadA- or APOBEC-enzymes to deaminate
DNA-bases, allowing A-to-l and C-to-U DNA editing. While these systems do not require DSBs, the most
efficient base-correction is performed when nicks are introduced near the editing site, resulting again
in increased indel frequency. At the same time the CRISPR base editors are still limited by their PAM,
induce immunogenicity, and result in all or nothing changes at the DNA level. This is important as one
big issue of these systems is currently their lack of precision. For example, it is not possible to edit a
specific cytosine at the target site while leaving surrounding cytosines unaffected [176]. The previously
described SDRE systems can achieve this kind of precision to some degree through the use of chemi-
cally-modified gRNAs [120], the introduction of defined mismatches within the gRNA-mRNA duplex, or

by utilization of the specific counterbase preferences of the used deaminase [118, 138].

1.2.4.2 Therapeutic RNA interference

Sequence-specific gene silencing through targeted mRNA cleavage or translational repression is called
RNA interference (RNAI). The elegance to use RNAI for the realization of a therapeutic goal is based on
the fact that an endogenous pathway is utilized, requiring only the application of an exogenous small

RNA to work.

The endogenous RNAIi pathway regulates whole gene expression networks. It does so by using accu-
rately processed short RNAs to guide the RNAi machinery, in form of the RNA-induced silencing com-
plex (RISC), towards target mRNAs. If the short RNA matches its target perfectly, the target mRNA is
cleaved, and if not, its translation is repressed. Perfect matching short RNAs targeting only one mRNA
are called endogenous short interfering RNAs (endo-siRNA), while short RNAs that contain mis-
matches, but affect several mRNA targets are called microRNAs (miRNA) [177]. The application of ar-
tificial miRNAs, the supplementation with miRNA mimics, or the specific modulation of miRNA expres-
sion (MiRNA knock-out or knock-down) could be used for therapeutic purposes in the future, but are
currently limited by our understanding of miRNA regulatory networks [178-181]. The application of
exogenous short interfering RNAs (siRNA) is currently further developed and will soon enter the clinic
as a next generation treatment. The first siRNA-based drug, Patisiran, was approved by the US FDA in
August 2018 [182]. Further background knowledge about clinical studies in the RNAi field can be found
within Pub.1, in the chapter “Therapeutic RNAi”. In general, siRNAs are 21-23 bp in length, often with
two nucleotide overhangs at the 3’ ends, although variations in length and overhangs are tolerated

[183]. They can be administered as chemically-modified dsRNAs, or in the form of genetically encoded
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precursors termed short hairpin RNAs (shRNA). The chemically-modified dsRNAs are already synthe-
sised in the correct length to be directly loaded into the RNA-induced silencing complex (RISC). The
encoded precursors have to be processed in advance. First by the nuclear microprocessor complex,
and then, after transport into the cytosol via Exportin-5, by the endoribonuclease dicer into mature
siRNAs [184]. After loading into RISC, one strand of the siRNA, termed the passenger strand, is cleaved
by the Argonaut-2 (Ago2) endoribonuclease, which is a major component of the RISC, and then ejected
from the complex. The remaining guide strand steers RISC towards the target mRNA, and thereby as-
sists its cleavage by Ago2 [185]. The knock-down of a target gene in-vivo caused by chemically-modi-
fied siRNAs can last from several days up to weeks, depending on the targeted tissue [186]. The selec-
tion of the guide strand is not fully understood, but depends on several factors, including the compo-
sition of the RISC and the thermodynamic properties, 5’ nucleotide identity, and structure of the siRNA
duplex [187]. Through specific design of the guide strand against SNPs, or disease-causing nucleotide

variations, different alleles of the same gene can even be targeted independently [188].

In conclusion, miRNA and siRNA therapeutics could be used to knock-down specific genes or to regu-
late whole networks of them, which makes RNAi an extremely powerful tool for the manipulation of
gene expression. Especially in the context of dysregulated genes in cancer [189], repeat expansion
disorders [190], or regarding gain-of-function mutations [191], RNAI has a lot of therapeutic potential.
In contrast to all current SDRE and genome engineering systems it does only require a short RNAs, but
no additional overexpressed protein or DNA-repair template, to work. This makes it easier to adminis-
ter, as only the uptake of one agent is necessary to achieve the effect. Although the utilization of the
endogenous pathway resulted in toxicity, accelerated tumorigenesis, organ failure, and even death in
early animal experiments, it was discovered that this was caused by the saturation of the RNAi ma-
chinery with exogenous siRNAs. After it had been revealed that the rate-limiting factors were Exportin-
5 and the Argonaut proteins, solutions for adequate dosing were found [192]. However, while RNAi
approaches can modify expression levels in a revolutionary way, they are unable to alter mRNA se-
guences. Similarly, SDRE approaches cannot efficiently knock-down genes, but allow transcriptome
engineering in an unprecedented way. Both methods manipulate the transcriptome in completely dif-
ferent ways, thus they complement each other and extend the bandwidth of realizable interventions

by available molecular tools.

1.2.4.3 mRNA transcript therapy

In-vitro transcribed (IVT) mRNAs can be directly applied as a drug to achieve transient therapeutic ef-
fects. They can encode artificial proteins, like engineered Cas9 nucleases for genome editing, but also
wild-type proteins for replacement or supplementation strategies. By encoding specific antigens or

antibodies, even immunisation strategies against infectious diseases or cancer might be feasible and
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corresponding clinical studies are already underway. Massive initial problems of mRNA transcript ther-
apy approaches, including high immunogenicity and low translational efficiency, could be solved
through the development of novel purification methods, synthetic cap analogs, the use of chemically-
modified nucleotides, and in-silico codon optimization [172]. While mRNA transcript therapies hold
great promise for every area of application that benefits from a transient burst-like protein expression,
like genome engineering or immunisation strategies, the problem of replacement and supplementa-
tion strategies lies in the short lifespan of mMRNAs [172]. In addition, proteins replaced by IVT-mRNA
application lack one important feature of their endogenous counterparts, which is the accurate and
tissue-specific regulation of their gene expression level. While regulatory elements, like miRNA binding
sites, can be implemented into UTRs of IVT-mRNAs to control expression in a cell-specific manner, this
does not automatically adjust their expression towards natural endogenous levels [162]. A good ex-
ample for the relevance of expression levels is the Mecp2 protein. An underexpression leads to Rett

syndrome and an overexpression to autism spectrum disorders [132, 193].

SDRE approaches aim to manipulate endogenous mRNAs and are therefore sustaining their natural
regulation. Depending on the used SDRE method they have also the potential to achieve long term
correction. This makes SDRE approaches favourable options over IVT-mRNA based protein replace-
ment strategies, at least within the range of editable triplets and mutations. However, complete loss-
of-transcript cannot be addressed by SDRE. The SDRE approaches do therefore complement the exist-

ing IVT-mRNA strategies in some specific areas, but not in others.

1.3 The goal of this project

Within the spectrum of existing SDRE approaches (section 1.2.1), our R/G gRNA site-directed RNA ed-
iting system excels in one important premise. It uses human, wild-type ADAR2 instead of an engineered
editase. The necessity to overexpress ADAR2 represented one of the most problematic limitations of
the R/G gRNA system at the time. As explained, earlier ADAR2 has important functions in the circadian
gene regulation of several hundred target genes (section 1.1.1.2.1). Therefore, the overexpression of
ADAR2 could cause imbalances in gene regulation and editing homeostasis with unforeseeable conse-
guences. More general, adverse effects, like protein burden (section 1.2.3), also have to be considered.
By avoiding overexpression, the R/G gRNA system could solve one of its main shortcomings and sim-
ultaneously obtain a significant advantage over the other SDRE systems, which are fundamentally re-
stricted to the overexpression of their artificial editases. Additionally, the number of components that
must be present within the same cell to achieve editing would drop to one, allowing transcriptome

engineering through the simple application of a small RNA, similar to RNAi.
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To enable editing with endogenous ADAR enzymes, rational improvements to the R/G gRNA architec-
ture became one major challenge that had to be solved throughout this thesis. To accomplish this, a
fast and accurate SDRE reporter system had to be established to rapidly screen novel R/G gRNA designs
for superior editing yields in cell culture. Advanced R/G gRNAs had to be tested in cell lines from dif-
ferent tissues, to assess if SDRE with endogenous ADARs would, in principle, be possible in all of them.
A panel of ADAR-expressing cell lines from tissues that might represent interesting targets for a thera-
peutic approach in the future were selected for this. As many of these cell lines are hard to transfect,

a transition from plasmid to viral delivery of the encoded R/G gRNAs was necessary as well.

Although the potential application of SDRE as novel therapeutic strategy had already been discussed
by Tod Woolf in his original 1995 article, several important questions in this regard remained after-
wards unanswered for more than two decades [131]. When this study began, the essential question,
if endogenous mRNAs could be targeted by SDRE, was not solved, as only overexpressed plasmid-en-
coded mRNA targets had been tested at the time. There was also no proof that recoding events caused
by SDRE in human cells could actually result in functional repair of signaling cascades connected to
disease. The answers to both questions represent a basic prerequisite for the therapeutic utilization of
SDRE in the future, and therefore became major goals of this thesis. To tackle the first question, human
cells had to be treated with R/G gRNAs targeting a panel of endogenous mRNAs. Then, the A-to-I con-
version at the target site had to be quantified to investigate if editing could be achieved. The second
question required the development of a reporter assay that allowed the quantification of a pathologi-
cal cellular phenotype as readout. The signaling cascade behind this phenotype had to be well-charac-
terized to clearly pinpoint any phenotype corrections to our SDRE approach. Finally, the targeted G-

to-A point mutation had to be connected to disease.

By addressing these fundamental questions, while simultaneously enabling the recruitment of endog-
enous ADAR enzymes by the encodable R/G gRNA SDRE system, this thesis intents to pave the way for

the development of site-directed RNA editing as a next generation therapeutic strategy.
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2. MATERIAL AND METHODS
2.1 Material

2.1.1 Chemicals & solutions

Table 2-1: Used chemicals & solutions

Chemicals & Solutions Supplier

1kb Plus DNA Ladder (0.1-10.0 kb)
Agarose HR Plus

Agarose NEEO

Ampicillin

APS (Ammonium peroxidisulfate)
Avidin from eggwhite

Blasticidin S

Blotting-Grade Blocker

Bradford reagent

Brillant Blue G 250

Bromophenol Blue sodium salt
Caesium chloride

Calcium chloride dihydrate

CCCP (Carbonyl cyanide m-chlorophenylhydrazone)
Clarity™ Western ECL Substrate

DMEM (High Glucose, L-Glutamine, Phenol Red)
DMSO (Dimethylsulfoxid)

dNTP solutation mix 40x

DTT (1,4-Dithiothreit)

EDTA (Ethylenediaminetetraacetic acid)
Ethanol

FBS (Fetal Bovine Serum)

Fibronectin human plasma

FuGene6

Glycerol 86%

Glycine

HiPerFect

32

NEB

Carl Roth

Carl Roth

Life Technologies
Carl Roth
Sigma-Aldrich
Life Technologies
BioRad

BioRad

Carl Roth

Carl Roth

Carl Roth

Carl Roth
Sigma-Aldrich
BioRad

Life Technologies
Carl Roth

NEB

Carl Roth

Carl Roth
Sigma-Aldrich
Life Technologies
Sigma-Aldrich
Promega

Carl Roth

Carl Roth

Quiagen
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Chemicals & Solutions Supplier

Hygromycin B

Interferon-Alpha-A, Human Recombinant

Kanamycin

LB-Agar (Lucia/Miller)
LB-Medium (Lucia/Miller)
Lipofectamine 2000
Lipofectamine 3000
Loading Dye (6x)
Methanol

Opti-MEM®
Penicillin-Streptomycin 100x
PFA (Paraformaldehyde)
Phusion HF Buffer 5x

Poly-D-lysine hydrobromide (150,000-300,000 kD)

Potassium acetate

Potassium chloride

rNTPs mix (25 mM each)
Rotiphorese SDS-PAGE 10x
Rotiphorese® Gel 30 (37,5:1)
Roti-Safe

SDS (Sodiumdodecylsulfat)
Sodium acetate
Sodiumdihydrogenphosphate
Spectinomycin

TEMED (Tetramethylethylenediamine)
ThermoPol Reaction Buffer 10x
TRIS PUFFERAN®

Triton X-100

Trypan Blue 5x

Trypsin/EDTA

Urea

Water (Nuclease free)

Zeocin

Life Technologies
Sigma-Aldrich
Life Technologies
Carl Roth

Carl Roth

Life Technologies
Life Technologies
NEB
Sigma-Aldrich
Life Technologies
Life Technologies
Sigma-Aldrich
NEB
Sigma-Aldrich
Carl Roth

Carl Roth

NEB

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Life Technologies
Sigma-Aldrich
NEB

Carl Roth

Carl Roth
Biochrom
Biochrom

Carl Roth

VWR

Life Technologies
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2.1.2 Media & buffers
Table 2-2: Used media and their composition
Media
Culture medium [HEK293T, Hela, Hela PINK-1 KO, A549, SK-
N-BE, Huh?7, SY5Y, U87MG, HepG2, MEF, Hepal-6]
Culture medium [THP1]

Induction medium [Flp-In T-REx 293]

LB-Agar
LB-Media
Parental cell medium [Flp-In T-REx 293]

Selection medium [Flp-In T-REx 293]

SOC medium

Table 2-3: Used buffer and their composition

Buffer Components

Dialysis-buffer

Gibson-mix

34

TRIS-base

Glycerol

5x 1SO buffer

T5 Exonuclease (10 U/ul)

Components
DMEM

FBS
RPMI-1640
FBS

DMEM

FBS
Doxycycline
LB-Agar
LB-Media
DMEM

FBS

Zeocin
Blasticidin S
DMEM

FBS
Hygromycin B
Blasticidin S
Tryptone
Yeast-extract
NaCl

Kcl

MgCl,
MgSO,

Glucose

Composition
1x
10 %

10%

1x

10%

10 ng/ml
40 g/L
25 g/L
1x

10%

100 pg/ml
15 pg/ml
1x

10 %
100 pg/ml
15 pg/ml
2%
0.5%

10 mM
2.5mM
10 mM
10 mM
20 mM

Composition

10 mM

0.5%

pH 8.0 (Adjusted with HCL)
320 pl

0.64 pl
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Buffer

1ISO-buffer 5x

Laemmli-buffer 6x

PBS 10x

TAE 1x

TE-buffer 1x

Transfer-buffer 10x

Urea lysis-buffer 1x

Components

Phusion DNA-Polymerase (2 U/ul)
Tag DNA-Ligase (40 U/ul)

PEG-8000

Tris-HCl pH 7.5

MgCl2

DTT (1,4-Dithiothreitol)
dNTPs

NAD

SDS (Sodiumdodecylsulfat)

Bromophenol blue

Glycerol 86%

Tris solution (0.5M, pH6.8)

Millipore water

DTT (1,4-Dithiothreit)
NaCl

KCl

Disodium hydrogen phosphate (Na2HPO4)
Potassium dihydrogen phosphate (KH2P0O4)

TRIS-base
Acetic acid
EDTA, pH 8.3
EDTA
TRIS-base

TRIS-base

Glycine

Urea

Sodiumdihydrogenphosphate (NaH2PO4)

TRIS-base

Composition
20 i

160 pl
Ad1.2mL
25%

500 mM
50 mM

50 mM

1 mM each
5mM
12¢g

6 mg

4.7 ml

1.2 ml
2.1ml
0.93gr DTT
8g

0.2g
142¢g
0.27 g
AdtollL
4.84g/L
1.14 mL/L
ImM
1mM

10 mM

pH 8.0 (Adjusted with HCL)
30,28 g
144,08 g
AdtollL
8M

100 mM
10 mM

pH 8,0 (Adjusted with HCL)
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2.1.3 Commercial kit systems

Table 2-4: Used commercial kits

Adeno-X™ Rapid Titer Kit Clonetech

Dual-Glo® Luciferase Assay System Promega
Dual-Luciferase® Reporter Assay System Promega

Fast SYBR™ Green Master Mix Thermo Fisher Scientific
High Pure miRNA Isolation Kit Sigma-Aldrich

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific

NucleoBond Xtra Mini- and Midiprep Kit Macherey-Nagel
NucleoSpin Gel and PCR Clean-Up Kit Macherey-Nagel
NucleoSpin Plasmid Miniprep Kit Macherey-Nagel

PARIS Kit Thermo Fisher Scientific
Quiagen RNeasy MinElute Cleanup Kit Quiagen

Turbo DNA-free™ Kit Thermo Fisher Scientific

2.1.4 Enzymes

Table 2-5: Used enzymes

Enzyme Supplier

Agel NEB
Antarctic Phosphatase NEB
Apal NEB
Avrll NEB
BamHI NEB
Bbsl NEB
BstXI NEB
DNase-l (RNase free) NEB
Eagl NEB
EcoRlI NEB
EcoRV NEB
Hincll NEB
Hindlll NEB
Hpal NEB
Kpnl NEB
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Enzyme Supplier

Miul NEB
M-MuLV Reverse Transcriptase NEB
Murine RNase Inhibitor NEB
Nhel NEB
Notl NEB
Pacl NEB
Phusion® High-Fidelity DNA-Polymerase NEB
Pmel NEB
Sacl NEB
Spel NEB
T4 DNA-Ligase NEB
T5 Exonuclease NEB
Taq DNA-Ligase NEB
Tag DNA-Polymerase NEB

Turbo DNase (RNase free)

Thermo Fisher Scientific

Xbal NEB
Xhol NEB
Xmnl NEB

2.1.5 Antibodies

Table 2-6: Used Antibodies

Antibody Supplier

Goat a-Mouse HRP

Jackson Immuno Research Lab (115-035-003)

Mouse Anti-ADAR1 15.8.6

Santa Cruz Biotech. (sc-73408)

Mouse Anti-ADAR2 1.3.1

Santa Cruz Biotech. (sc-73409)

Mouse Anti-Adenovirus Type 5 E1A M58 (RUO)

BD Pharmingen (554155)

Mouse Anti-B-Actin AC15

Sigma Aldrich (A5441)

2.1.6 Oligonucleotides

Oligo # Oligonucleotide name Oligonucleotide Sequence [5’->3’]
1336 SV40 reverse TAAGATACATTGATGAGTTTGGACAAACCAC
144 BGH backward CTAGAAGGCACAGTCGAGGC
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Oligonucleotide name Oligonucleotide Sequence [5°->3']
GCTTCGGCAGCACATATACTAAAAT

2157 qPCR_snRNA-U6_fw
2158 qPCR_snRNA-U6_bw CGCTTCACGAATTTGCGTGTCAT
— BetaActin_qPCR-Adapt- GAAATCGTCGCTGACTATCGTATGACTTGGTT-
erD1+guide+RG_bw GCGTGTGGGATAC
5953 BetaActin_qPCR-AdapterD2+RG- = CAGCTGTACCGTTGAATCGAGTGGAA-
V1_bw TAGTATAACAATATGCTAA

FLuc_qPCR-Adapt-

2329 erD1+guide+RG-V20_bw GACTATCGGGACGGCTGGCTGCACGTGGTCGAG
CAGCTGTACCGTTGAATCGAGTGGTCGAGAAGAG-
2330 gPCR-AdapterD2+RG-V20_bw GAGAACAATAT
2374 Malatl_qPCR_fw AGGCGTTGTGCGTAGAGGA
2375 Malatl_gPCR_bw GGATTTTTACCAACCACTCGC
238 psilencer_1 fw CTCGCGCGTTTCGGTGATGACGGTG
2408 HPRT1_V2_qPCR_fw TGGCGTCGTGATTAGTGATG
2409 HPRT1_V2_gPCR_bw ACCCTTTCCAAATCCTCAGC
46 Luci_seq_mid_fw CTATTCTTGCGCAGCTTGCAAGAC
Not as- GAPDH_fw CAACAGCCTCAAGATCATCAG
signed
N.Ot as- GAPDH_bw CCTTCCACGATACCAAAGTTG
signed
2.1.7 gPCR primer sets
Table 2-7: Used qPCR primer sets
GAPDH (cytoplasmic reference gene) GAPDH_fw + GAPDH_bw
HPRT1 (cytoplasmic reference gene) 2408 + 2409
Malatl (nuclear reference gene) 2374 + 2375
R/G gRNA design #2 B-Actin 3’ UTR TAG #1 2252 + 2253
R/G gRNA design #3 Firefly Luciferase W417X Amber 2329 + 2330
U6 snRNA (nuclear reference gene) 2157 + 2158
2.1.8 Adenoviruses
Insert Purification IFU/ul
Dual-Luciferase Firefly W417X Amber R/G gRNA design #3 Crude 7.42*10°
Dual-Luciferase wt/amb Reporter Crude 3.85*10’
Dual-Luciferase wt/wt Reporter Crude 1,70*10°
B-Actin 3’ UTR TAG#1 R/G gRNA design #2 CsCl-Gradient/Dialysis = 2.88*107
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2.1.9 Plasmids
pTSH Insert Backbone Resistance

pTS247 Hind-Ill cutting-side, Spacer, Bbs-I cutting side pSilencer Amp
ADAR2 with His-tag, .

PTS296 Gibson-Linker-Element with EcoRV-side pEdit1.2 Amp
ADAR2 with His-tag, .

PTS363 o RG-V1 gRNA PINK-1 W437X amber CCAp8 with BoxB pEdit1.2 Amp

pTS554 Dual-Luciferase (Renilla wt + 2A peptide + Firefly wt) pSQIL\J/'Ic\t/Ie- Kan

Dual-Luciferase (Renilla wt + 2A peptide + pShuttle-
PTS555 Firefly W417X Amber) cMV Kan

2.1.10 Strains

Table 2-8: Used bacterial and cell culture strains

BJ5183 electroporation-competent cells Agilent Technologies

E. coli Stbl3 Thermo Fisher Scientific

E. coli XL1 blue ETH Zurich

hADAR1p110 Fip-In T-REx 293 Generated in our lab
hADAR1p150 Flp-In T-REx 293 Generated in our lab
hADAR2 Flp-In T-REx 293 Generated in our lab
HEK293T DSMZ

Hela Hertie-Institute (Kahle Lab)
Hela PINK-1 KO Generated in collaboration with the Kahle Lab
Hepal-6 Nordheim Lab

HepG2 DSMZ

Huh?7 CLS GmbH

MEF Nordheim Lab

Parental Flp-In T-REx 293 AG Jung

SK-N-BE Hertie-Institute (Kahle Lab)
SY5Y Hertie-Institute (Kahle Lab)
THP1 Hertie-Institute (Kahle Lab)
Us7MG Hertie-Institute (Kahle Lab)
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2.1.11 Laboratory equipment

Table 2-9: Used laboratory equipment

7500 Fast Real-Time PCR System Applied Biosystems
Agarose gel electrophoresis chamber horizontal BioRad

ARKTIK thermal cycler Thermo Fisher Scientific
AxioCam HRc microscope camera Zeiss

Axio-lmager equipped with ApoTome Zeiss

Axiovert 200M microscope Zeiss

Heraeus™ Megafuge™ 8R Thermo Fisher Scientific
MIKRO 120 Hettich Zentrifugen
MIKRO 220 R Hettich Zentrifugen
Multipart pipette set Gilson

Neubauer counting chamber Carl Roth

POWER PAC 300 BioRad

POWER PAC basic BioRad

Spark 10M Plate reader Tecan

ThermoMixer C Eppendorf

Tube revolver / rotator Thermo Fisher Scientific
Vortexer Neolab

2.1.12 Consumables

Table 2-10: Used consumables

Equipment Supplier

10K Slied-A-Lyzer Dialyis Cassette G2 (87730) Thermo Fisher Scientific
LumiNunc™ F96-MicroWell™ plate, with lid, sterile (732-2696) VWR
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2.2 Methods

Methods not mentioned in this section, but referred to in the results and discussion chapter, are de-
scribed in the method parts of the corresponding, accepted publications, which are listed in section 6,

or were performed as described in [148].

2.2.1 Design of in-silico optimized R/G gRNAs using the recruitment cluster finder python tool
Several R/G gRNAs used in this thesis contain functional elements called recruitment clusters, which
were in-silico optimized using our custom-made recruitment cluster finder (RCF) python tool. Back-
ground knowledge regarding recruitment clusters (RCs) and their functional relevance is described in
section 3.12.6. The RCF tool was programmed in python 3.7.2 and its core functions are listed in the
appendix. To compute new RCs, the necessary inputs were researched online and entered into the
RCF. This includes the search of target gDNAs in online databases like uniprot [194] or the ensembl
genome browser [195]. The Figure 2-1 explains in a conceptual way how the tool selects recruitment
clusters. Figure 2-2 shows the input panel of the recruitment cluster finder and explains how it was

used. The folding of the R/G gRNAs was performed using ViennaRNA [196].

After the algorithm had calculated the new R/G gRNAs, they were exported into a text-file. The R/G
gRNAs that resulted in the weakest secondary structure formation within the antisense part were dou-
ble-checked for their structure using the Nupack web application [197]. The most promising ones were
then blasted using the “blastn” NCBI web application against the human genomic and transcript data-
base optimized for “somewhat similar sequences” [198]. R/G gRNAs containing RCs with off-target
editing potential were excluded. Optimal R/G gRNAs were then back engineered into two DNA oligo-
nucleotides with the necessary overhangs for the cloning procedure shown in Figure 2-3C. This was

followed by the cloning procedure explained in section 2.2.2.
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Figure 2-1: Conceptual description explaining how the recruitment cluster finder (RCF) selects RCs.
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Figure 2-1 continued: Conceptual description explaining how the recruitment cluster finder (RCF) selects RCs.

This figure does not describe the exact combinatorial implementation, which is used by the algorithm to process
input data, but explains the idea behind the tool in a conceptual way for better understanding. (Step 1) The
gDNA/cDNA corresponding to the target mRNA is screened for clusters that only contain G, C, T and GA. Each
cluster is defined by base distance indices relative to the beginning of the cDNA/gRNA input sequences. In the
current version (1.0.1), the screening is performed 5’ of the guide sequence. (Step 2) Starting from the guide
sequence, clustersin 5’ range are detected. (Step 3) These clusters are selected and analyzed for their size. (Step
4) The cluster size input is used to generate cluster derivatives. If an uninterrupted cluster is, e.g., 13 nt long,
then three derivative clusters can be created if the input cluster size was set to 11 nt. (Step 5) Starting from the
first set of derivative clusters, the next clusters in range are detected. (Step 6) These clusters are selected and
analyzed for their size. Step 4-6 are repeated until n clusters are selected. (Step 7) The resulting list of clusters,
which are matching all input variables are recombined and assembled with the input R/G motif, triple adenosine
linkers and the three terminal uridines, which result from the U6 termination sequence. (Step 8) The Vienna RNA
package is used to fold all R/G gRNAs within the list and to generate dot-bracket representations of these folds.
The RCF allows to sort the structures by their free energy or by their dot-bracket ratio (ratio of the dot-bracket
notation). Structures with good dot-bracket ratios (minimal base pairing within the antisense part of the R/G
gRNA), are further sorted for the shortest number of brackets in a row within the antisense part. The shortest
ones, which represent the weakest secondary structures, get the highest ranking. The selected clusters of result-
ing R/G gRNAs with good secondary structures can then be manually blasted to exclude recruitment clusters
which might cause off-target effects within the transcriptome.
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Figure 2-2: Input panel of the recruitment cluster finder python tool (Version 1.0.1).

(1) Input field for the R/G gRNA motif sequence. (2) Input field for the guide sequences without the counterbase
mismatch, allowing the tool to find the starting point for the cluster search. (3) Input field for the guide sequences
with the counterbase mismatch used by the tool to assemble the final R/G gRNA. (4) Input for 3’ terminal se-
quences, e.g. a triple A, resulting in a triple U for the structure calculation, and resembling the residues of the U6
termination sequence. (5) Input field for the target cDNA or gDNA. (6) Input field for recruitment cluster size
range, e.g. 11-16 nt. (7) Input field for minimal and maximal cluster-to-cluster distance, e.g. 10-100 bp. (8) Input
field for linker sequence, e.g. TTT, which becomes AAA in the final R/G gRNA. (9) Input field for the number of
resulting R/G gRNAs that the program should print (Length of the results list). (10) Algorithm search depth. The
9999 input results in the analysis of each possible cluster combination. Numerically lower inputs limit the search
to the n clusters closest to the guide sequence. (11) Selection field for the used R/G gRNA sorting algorithm
(“Sorting by numerical order”, “dot/bracket ratio order”, or “minimal energy order”). (12) Type of algorithm
search pattern (“Exact” searches the whole sequences, “Heuristic” uses grid sampling and skips adjacent/similar
cluster sequences). (13) Field that can be ticked to print each resulting cluster separately as DNA sequence as
shown in (23). (14) Button click starts the calculation of the clusters and filters them for combinations that apply
to the other input variables, like cluster size in (6), or cluster-to-cluster distance in (5). (15) After clusters calcu-
lation, this button starts the recombination of the clusters followed by assembly and folding of the new R/G
gRNAs. (16) After the list of new R/G gRNAs was printed, it can be screened for duplicates. This function might
be used in subsequent versions of the tool to remove potential duplicates. (17) This button allows the export of
the sequence list as text file. (18) This button prints the indices of all possible clusters and allows to handpick
clusters for manual input into the fields under (19). (19) In these fields, handpicked clusters can be manually
entered. (20) The output field lists all calculated R/G gRNAs, up to the limit chosen in (9), and is always showing
the cluster indices, followed by sequence, dot/bracket representation, and also the separate clusters as DNA
sequence, if (13) was ticked. (21) Allows to calculate R/G gRNAs based on input in (19). (22) This button loads a
correct set of input data and allows the user to experiment with input variables. (23) Output field that shows the
clusters as DNA sequences, to allow a fast and simple blast of each cluster.
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2.2.2 Cloning of R/G gRNA expression vectors

The R/G gRNA expression vectors, based on the “pSilencer 2.1 U6 hygro” backbone, were initially
cloned using primer extension PCR (Figure 2-3A and B). Therefore, two or more overlapping forward
primers were used in successive PCRs with the same reverse primer until the new insert was extended
to its full size, containing terminal restriction sites. The insert, as well as the corresponding pSilencer
expression vector, were then cut with the restriction enzymes Hind-Ill and Sap-I (Figure 2-3A), or Xba-
| and Sap-I (Figure 2-3B), according to the manufacturers protocol. The ligation was performed using
the T4 DNA ligase, again after manufacturer protocol. This was followed by heat shock transformation

into XL-1 blue e. coli, colony PCR, and sequencing of positive clones.

To circumvent the need of multiple extension PCRs, a new procedure was established. A vector
(pTS247) was created that contained the recognition sequence for the golden-gate cloning enzyme
Bbs-I arranged in a way that the cutting site was positioned at the intersection between the R/G motif
and the antisense part of the gRNA (Figure 2-3C). It allowed the generation of a 5’ GTGG-overhang at
the beginning of the R/G motif. After the pSilencer backbone was cut with the restriction enzymes
Hind-1ll and Bbs-I, this system allowed the use of two hybridized, phosphorylated oligonucleotides as
inserts, which were already synthesized with the necessary overhangs. The lyophilized oligonucleo-
tides were re-suspended in Millipore water and to a concentration of 1 pg/pl. Then, 1.3 pl of each oligo
were added to 197.4 ul Millipore water. 39 pl of this mixture were then combined with 5 pl T4-PNK
buffer, 5 ul ATP (10 mM), and 1 ul T4 polynucleotide kinase. The phosphorylation (30 min at 37°C) and
hybridization (heating to 95°C and stepwise cooldown by 1°C per minute for 90 minutes) of the oligo-
nucleotides was performed in a thermocycler. Based on the used amounts of oligonucleotides, the
insert was expected to have a concentration of 10 ng/ul and was directly used for the ligation, without
further clean-up steps. Due to the high efficiency of the new procedure (>90% positive colonies), the
colony PCR could be skipped. Otherwise, the remaining cloning procedure was performed as explained
before. By using the Bbs-I and the BamH]I restriction sites, the R/G motif could also be specifically ex-
changed, as the BamHI restriction site on the pSilencer expression vector was located directly between
the U6 promoter and the beginning of the R/G motif. By using the Hind-Ill and BamHI restriction sites
and inserts based on long oligonucleotides up to 180 nt, it was also possible to simultaneously clone

novel antisense parts and R/G motifs (Figure 2-3C).
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Sap-I Hind-III

(A)

( B) Sap-I Xba-|

BamHI  R/G Motif Bbs-l  Spacer Hind-lll

Figure 2-3: Cloning procedures for R/G gRNA expression vectors.

(A) Primer extension PCR cloning of R/G gRNA antisense parts containing no BoxB motif. The arrows indicate
forward and reverse primers. The terminal 3" and 5’ primers contain the restriction sites for Hind-Ill and Sap-I,
allowing the cloning of the insert into the backbone used as PCR-template. (B) Primer extension PCR cloning of
R/G gRNA antisense parts containing the BoxB motif. The arrows indicate forward and reverse primers. The ter-
minal 3" and 5’ primers contain the restriction sites for Xba-1 and Sap-I, allowing the cloning of the insert into the
backbone used as PCR-template. Due to the Xba-I restriction site near the BoxB motif, the U6 termination se-
quence is already part of the backbone, reducing the necessary amount of extension PCRs. (C) Modular oligonu-
cleotide hybrid-insert cloning of R/G gRNA antisense parts using a modified pSilencer backbone. Two phosphor-
ylated and hybridized oligonucleotides can be used as insert, using the restriction site Hind-lll and the newly
introduced golden gate restriction site Bbs-I, which creates a 5’-GTGG overhang at the intersection between the
antisense part and the R/G motif. By using Bbs-l and BamHI, the R/G motif can be exchanged. By using Hind-IlI
and BamH]I, the antisense part and the R/G motif can be exchanged simultaneously.
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2.2.3 Quantification and localization of R/G gRNAs by gPCR

To evaluate the relative quantity and subcellular localisation (nucleus, cytoplasm) of R/G gRNAs, a RT-
gPCR workflow based on the AAC(t)-method was established. After the cell culture experiment was
performed and the cells had been harvested by trypsinization, the RNA was isolated using either the
High Pure miRNA Isolation Kit from Roche, or the PARIS Kit from Invitrogen, both after manufacturer
protocol. For the High Pure miRNA Isolation Kit the binding enhancer was used and the elution was
performed with a total of 50 pl elution buffer per sample. For the PARIS Kit 300 ul fractionation buffer,
disruption buffer, and 2x Lysis/binding solution were used. Centrifugation of fractionated samples was
performed for 5 min at 4°C and 500g. The optional washing step of the nuclear fraction was performed
with an additional 300 ul fractionation buffer. The filter cartridges were centrifuged at 15.000g. Elution
was performed two times, first with 40 pul, followed by 10 pl of elution-buffer heated to 95°C. Beginning
with the RNA isolation, all steps were performed on ice, except for the 2xLysis/binding solution treat-
ment in the PARIS Kit protocol. RNase-free filter-tips were used for all pipetting steps. The High Pure
miRNA lIsolation Kit was used for quantification experiments including only plasmid and adenovirus
(AdV) encoded R/G gRNAs (e.g. Figure 3-16A, B and C). The PARIS Kit was used for quantification and
localisation experiments which also included in-vitro transcribed (IVT) R/G gRNAs (e.g. Figure 3-16D
and Figure 3-21). The TURBO DNA-free kit from Invitrogen was used to remove traces of R/G gRNA
expression plasmid from the isolated total RNAs. The Turbo-DNase treatment was performed as indi-
cated in the section “rigorous DNase treatment” of the manufacturer protocol. Two successive 30 min

incubations at 37°C, using 1 ul of Turbo-DNase each, were performed in a total volume of 50 pl.

The high-capacity cDNA reverse transcription kit from Applied-Biosystems was used to reverse-tran-
scribe the total RNA after manufacturer protocol (protocol without RNase inhibitor). 500 ng of DNase
treated total RNA were used per sample. If samples had a low concentration, multiple reverse tran-
scriptions were performed until 500 ng RNA had been used in total. Such samples were then pooled in

the PCR clean-up using the MN NucleoSpin Gel and PCR clean-up kit.

Comparative

Cell Culture Turbo-DNase PCR Clean- AAC(t)
Experiment Digestion Up Analysis
[ ) ([ ( (
Small Random Primer qPCR
RNA- Reverse
Isolation Transcription

Figure 2-4: qPCR workflow to quantify R/G gRNA expression after cell culture experiments.
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The cDNA of each sample was eluted in 18 ul TE-buffer and the concentration measured in triplicate
using a Nanodrop 1000 spectrophotometer. The cDNA was then diluted to 10 ng/ul using TE-buffer. In
the gPCR, 2 ul of this dilution (20 ng) and 18 pl of mastermix containing the appropriate primer pair

(see Table 2-7) were used per well of the 96-well qPCR-plate.

The mastermix consisted of 10 ul Sybr-Green-Mix, 7.2 ul Nuclease-free water, as well as 0.4 ul of each
primer, and was scaled up with the performed number of technical replicates. The cDNA samples were
usually measured with two to three technical replicates, while TE-buffer negative controls were meas-
ured only in duplicate. The pipetting was performed at a pre-PCR workplace with dimmed light, due
the light sensitivity of the Sybr-Green-Mix. After 18 pl of mastermix and 2 ul of sample per well had
been distributed, the plate was sealed with a clear adhesive film and spun down in a plate centrifuge.
From the time the adhesive film was attached, until the plate was inserted into the Applied-Biosystems
7500 gPCR machine for the run, it was covered with aluminium foil for light protection. The run method

is shown in Table 2-11.

Table 2-11: RT-qPCR run method

Stage Temperature [°C] Duration [s] Cycle #

Initial denaturation 95 20 1

Denaturation 95 3 40
Annealing/Elongation 60 30
95 15
60 60

Melt curve 95 15 1

60 15

After the run, the melt curves were analysed to ensure specific amplicons, and a baseline correction
was applied for each dataset before the C(t) values were acquired. The 7500 data analysis software
was used for that purpose. The start cycle number was changed to the cycle number where the first
background fluorescence occurred. The end cycle number was changed to the cycle number were the
first specific amplification took place. After this, the AAC(t)-calculations were performed with the fol-

lowing equations and based on the references [199-201].
Calculation of AAC(t) for the target gene between two different samples:

AC(t) treatment A (e.g. plasmid) = Treatment A mean C(t) target gene (e.g. R/G grRNA)

— Treatment A mean C(t) reference gene (e.g. U6 snRNA)
AC(t) treatment B (eg. Adv) = Treatment B mean C(t) target gene (e.g. R/G gRNA)

— Treatment B mean C(t) reference gene (e.g. U6 snRNA)

AAC(t) = AC(t) treatment A (e.g. plasmid) — AC(t) treatment B (e.g. AdV)
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Calculation of AAC(t) between nucleus and cytoplasm for one reference gene:

AC(t) nuclear = Nuclear fraction mean C(t) reference gene
AC(t) cytoplasmic = Cytoplasmic fraction mean C(t) reference gene

AAC(t) = AC(t) nuclear — AC(t) cytoplasmic

Calculation of AAC(t) between nucleus and cytoplasm for one target gene:

AC(t) nuclear = Nuclear fraction mean C(t) target gene (e.g. R/G gRNA)

— Nuclear fraction geometric mean C(t) reference genes (e.g. HPRTL, GAPDH, U6 snRNA, Malat1)
AC(t) cytoplasmic = Cytoplasmic fraction mean C(t) target gene (e.q. R/G gRNA)

— Cytoplasmic fraction geometric mean C(t) reference genes (e.g. HPRTL, GAPDH, U6 snRNA, Malat1)

AAC(t) = AC(t) nuclear — AC(t) cytoplasmic

Calculation of fold change based on AAC(t):
Fold change = 2-8aC()

Maximum f0|d change = 2-AAC(t)—SD of target gene C(t)
Minimum fold change - 2-AAC(t)+SD of target gene C(t)

Calculation of the nuclear percentage for one target gene:

nuclear fold change

% Nuclear localization = 100

(nuclear fold change + cytoplasmic fold change) )

For each new primer pair, the amplification efficiency and the melt curve were analysed using a cDNA
dilution series, to ensure high quality datasets (see Figure 3-15). To normalize the R/G gRNA data in
quantification experiments using plasmid and AdV encoded R/G gRNAs, the pol Il gene product U6
snRNA was used as reference gene accounting for the fact that R/G gRNAs are pol lll gene products.
For the quantification and localization experiments also using IVT R/G gRNAs, the U6 snRNA and Ma-
latl reference genes were used as nuclear reference genes and the GAPDH and HPRT1 reference genes

were used as cytoplasmic ones.
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2.2.4 Recombinant adenovirus production

This procedure for the production of recombinant serotype 5 adenoviruses (AdVs) is based on the
original protocol from our cooperation partner Prof. Ulrike Naumann, who kindly supported Dr. Wet-
tengel and myself in our adenovirus (AdV) projects. We used the first generation pAdEasy-1 system
from Agilent technologies [202, 203]. The production process is shown in Figure 2-6. Our GOlIs were

cloned into pShuttle, pShuttle-CMV, pAd-Track, or pAd-Track-CMV backbones (Table 2-12).

Table 2-12: Shuttle vector features.

This table was adopted from the “AdEasy Adenosirus Vector System” manual, revision D1, from Agilent technol-
ogies. © Agilent Technologies, Inc. Reproduced with Permission, Courtesy of Agilent Technologies, Inc.

Cloning
Vector capacity | Promoter | Poly A | MCS restriction sites Description
pShuttle 7.5 kb — — Kpn I, Not |, Xho |, Xba |, Ligate an entire expression
EcoR YV, Hind lll, Sal |, Bgl Il | cassette into MCS
pShuttle-CMV | 6.6 kb CMV + Kpn | Sal I, Not I, Xho |, Ligate gene of interest into
Hind lll, EcoR V MCS between the CMV
promoter and poly A
pShuttle-IRES- | 5.2 kb CMV + Bgl 1I*, Not I*, Sca I*, Ligate gene of interest into
hrGFP-1 or -2 Nhe I* Spe I*, EcoR 'V, Pvu |, | MCS, in-frame with the
Sal 1, Sr 1, Xho | FLAG or HA tag. Dicistronic
transcript encoding hrGFP
allows monitoring of the
expression of the gene of
interest by GFP fluorescence

Then, they were linearized with Pme-I and purified by ethanol precipitation to remove salts, which
might interfere with the electroporation. A mixture of 500 ng Pme-I linearized shuttle vector and 100
ng of pAdEasy-1 in a total volume of 6 ul were then electroporated together with 20 ul of BJ5183 E.
coli bacteria suspension using a BioRad Genpulser at 1.6 kV, 200 Ohm, and 25 pF. It was important to
constantly work on ice during this process. There was no additional mixing of bacteria and plasmid
solution beside the transfer of the 6 pl plasmid solution into the bacteria suspension, as competent
bacteria are extremely sensitive. After the settings were applied to the BioRad Genpulser, the total 26
ul were transferred from the Eppendorf tube into the precooled electroporation cuvette and moved
to the bottom of it by a single firm shake. It was important for high transformation efficiency to keep

the time between the transfer into the cuvette and the electroporation pulse as short as possible.

Immediately after the pulse the cuvette was cautiously rinsed with 500 ul of SOC medium and the cells
were transferred to a fresh Eppendorf tube. This was followed by 45 min of incubation at 37°C and the
subsequent production of different dilutions, again in SOC medium (undiluted, 1:2, 1:10, 1:100). 100
ul dilution per plate were distributed on kanamycin LB-agar plates followed by over-night incubation

at 37°C.
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On the next day, the smallest colonies were picked and used to inoculate 6 ml overnight cultures. Small
colonies are more likely to contain positive clones, as the over 36 kb large constructs resulting from
the recombination with the pAdEasy-1 AdV genome need more time in replication, compared to the
small shuttle vectors containing only the GOl and a kanamycin resistance. We also picked a single large

colony as negative control.

After another 24h, the plasmids were isolated from the overnight cultures using the MN NucleoBond®
mini gravity-flow columns, because spin columns could damage the large plasmids by generating shear
forces. This was followed by a Pac-1 control digestion for a duration of 1h, using 20.2 pl isolated plas-
mid, 2.3 ul CutSmart buffer, and 0.5 ul Pac-I restriction enzyme. The digested plasmids were analyzed
using a 0.5% agarose gel, which ran for 40 min at 100V. Restriction of positive, recombinant pAd-Easy
constructs with Pac-Il resulted in a large ~30 kb fragment and a smaller fragment, either 3 kb or 4.5 kb
in size. If the recombination of shuttle vector and pAdEasy-1 took place between the left homology
arms, the fragment was 3 kb in size. If the recombination took place at the Ori, then the fragment was
4.5 kb in size. The reason was that the distance between the left homology arm and the Ori was differ-
ent between the pAd-Easy and the shuttle vectors (see Figure 2-6). Negative clones showed either only

the pAd-Easy, or only the shuttle vector bands (see Figure 2-5).

|

Recombined pAd-Easy
Recombined pAd-Easy

pAd-Easy vector
pShuttle vector

- WL ~30kb

~/ - ~4.5 kb
— ~3 kb

Figure 2-5: Examples for negative controls and positive clones after the recombination of the pAd-Easy1 ade-
novirus genome and a shuttle vector in BJ5183 E. coli.

The indicated plasmids were digested using Pac-l and then resolved in a 0.5% agarose-gel. Shown are empty pAd-
Easy and pShuttle backbones as negative controls and two positively recombined clones.

The plasmid corresponding to a positive clone was then heat-shock transformed into chemically com-
petent XL-1 blue E. coli. Therefore, 100 pl of TE-buffer and 10 ul of the undigested plasmid were added
to 100 ul of competent XL-1 blue E. coli and incubated on ice for 30 minutes. This was followed by a
heat shock at 42°C for 1 minute and another 5 minutes of incubation at room-temperature. Then 800
pl LB-medium were added, followed by another incubation, this time for 1h at 37°C. The XL-1 blue E.

coli were then pelleted by centrifugation at 5000 rpm for 2 minutes.
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Figure 2-6: Production of recombinant adenovirus.

A Pme-I linearized shuttle vector, containing the GOI, is recombined with the pAd-Easy1 vector in BJ5183 E.coli.
The resulting recombinant Ad plasmid is digested with Pac-I and then transfected into Ad293 producer cells. This
figure was adopted from the “AdEasy Adenovirus Vector System” manual, revision D1, from Agilent technologies.
© Agilent Technologies, Inc. Reproduced with Permission, Courtesy of Agilent Technologies, Inc.
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After decantation of the supernatant, the pellet was re-suspended in the remaining supernatant and

distributed over a kanamycin LB-agar plate, followed by incubation over-night at 37°C.

The next day, a colony was picked from the plate to inoculate a 100 ml overnight culture. After 24h,
the recombinant plasmids were isolated using a MN NucleoBond® midi gravity-flow column. Then 30-
100 ug of recombinant plasmid were digested using Pac-| (see Figure 2-6). The digestion product was
again purified by ethanol precipitation. After Ad293 producer cells had been seeded in a 15 cm cell
culture dish, they were transfected with 10 pg of the Pac-1 digested recombinant plasmid at a conflu-
ency of 40-80%, using a plasmid (ug) to Lipofectamine 2000 (pl) ratio of 1:3. From this point on, all
work steps, which could potentially expose the experimenter to the AdV, were performed in a S2(Ger-
man biohazard level 2)-certified safety cabinet. The cells were cultivated 7-10 days after transfection.
During this time, medium was only changed when necessary to prevent acidic conditions. If possible,
medium was not removed, but only added, to prevent dilution of the newly produced AdV within the
medium. The cells were harvested when widespread hotspots of cytopathic effect (CPE) could be de-
tected within the plate. The assessment of the optimal time point for the harvest, only based on the
microscopically visual adenoviral cell lysis, was the most critical decision for high titers in the produc-
tion process. As no high-tech methods for evaluation of the cell layer were used, it was highly subjec-

tive.

At the chosen time point, the cells were detached using a cell scraper and then, still within the medium,
transferred into 50 ml falcons using a 25 ml pipettor. The cells were pelleted at 500g for 5 minutes at
room temperature. After the medium was removed and 1 ml of PBS containing 10% glycerol was added
to the cell pellet, it was frozen in a -80°C freezer three times (freeze-thaw cycles) to open up the cells

and release the AdV.

After another centrifugation at 500g for 5 minutes at room temperature, the AdV containing PBS/Glyc-

erol mixture was transferred to Eppendorf tubes in 100 pl aliquots and then frozen and stored at -80°C.

To produce AdV quantities sufficient for multiple experiments, it was necessary to use the frozen ali-
quots for re-infection of 15 to 30 plates with a 15 cm diameter. To estimate the volume needed per 15
cm plate, a 24-well plate was seeded with 2x10° Ad293 cells per well and infected 24h after seeding
with a dilution series of the crude AdV. The required amount per 15 cm plate was then calculated from
the dilution used in wells showing optimal CPE after 48h. This was followed by re-infection and another
round of AdV production, this time infecting Ad293 cells at >90% confluency. If the amount of crude
AdV was not sufficient to infect at least 15 plates in the second round, an additional third round was

performed.
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After enough crude AdV had been produced, e.g. a 3 ml concentrate collected from 30 plates of 15 cm
diameter, the absence of E1A expression, and thereby replication deficiency of the AdV in E1A-negative
cells, was verified using western blot. Therefore, protein-extracts of AdV-infected Hela cells were com-
pared to protein-extracts of untreated Hela cells as negative control and protein-extracts of Ad293
cells as positive control using the “mouse anti-adenovirus type 5 E1A clone M58” antibody (see Figure
2-7). The titer of the crude AdV was then measured using the Adeno-X™ Rapid Titer Kit from CloneTech,
performed after manufacturer protocol. After replication deficiency was verified and the infectious
units per pl (IFU/ul) were determined, the crude AdV was used for cell culture experiments. For higher
transduction efficiencies in cell culture or to reach the purity standards for animal experiments, the
AdV could also be further purified before E1A and titer determination were performed. This was done
by CsCl density gradient ultra-centrifugation to remove cell debris, followed by dialysis to remove the

CsCl salts introduced by the first step.
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Figure 2-7: Exemplary E1A western blot result.

Protein-extracts from untreated Hela cells (negative control), untreated Ad293 cell (positive control), as well as
Hela cells treated with two different AdVs were analyzed for E1A expression. The western blot was performed
as described in Pub. 4, Material and Methods, Western Blot, except for the skipped Bradford assay. A 1:1000
dilution of the E1A antibody was used. Two E1A bands are located directly above and below the B-actin loading
control. The E1A protein species range between 30 and 46 kD, while the mass of B-actin is 42 kD, both according
to the technical datasheets of the used antibodies. The GAPDH 3’ UTR TAG#1 R/G gRNA of design #3 and the
SNAP-ADAR1-E/Q-encoding AdVs were E1A negative and could therefore be used for further experiments.

The gradient for the CsCl density-gradient ultra-centrifugation was layered in a sealable ultra-centri-
fuge tube, starting with 3 ml of 1.41 g/ml CsCl (27.42g CsCl in 50ml PBS) at the bottom. To prevent
mixing the layers, each subsequent layer was added slowly (~10 pl per second) and directly to the
surface of the previous one. The next layer consisted of 4.5 ml 1.27 g/ml CsCl (18.47g CsCl in 50ml PBS).
After another regular centrifugation of the crude AdV at 500 g for 10 minutes at room temperature, 3
ml of the supernatant were added on top of the 1.27 g/ml CsCl layer. The ultra-centrifuge tube was

then filled up to 3 mm below the top of the tube with crude oil. Thereafter, it was balanced on an
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analytical balance with other tubes, using crude oil again. After vacuum was applied, the ultra-centrif-
ugation ran for 2h at 32.000 rpm, with an acceleration and deceleration of 1. The tubes were then
removed very carefully, as not to disturb the gradient, and fixed in an already prepared ultra-centrifuge
tube stand. To improve the visibility of the narrow, white AdV layer, a black sheet of plastic was fixed
in another stand behind the ultra-centrifuge tube. To extract the virus, the ultra-centrifuge tube was
penetrated below the boundary between the 1.41 g/ml and the 1.27 g/ml CsCl layer, with the needle
directed towards the white AdV layer. This was done without disturbing the gradient. To proactively
contain a potential spill of the highly infectious solution during penetration of the ultra-centrifuge

tube, the area below the stand was covered with paper tissues.

It was important to never remove the needle or syringe during this process. In case the needle became
clogged up, another one could be used to penetrate the ultra-centrifuge tube from another angle. Only
when the AdV layer was completely extracted and the remaining content of the ultra-centrifuge tube
had thereafter been poured into the liquid waste under the S2 bench, the syringe containing the AdV

could be removed.

Another ultra-centrifugation step followed immediately, in which a 10-12 ml 1.34 g/ml CsCl layer
(22.71g CsCl in 50ml PBS) was overlaid with the just extracted AdV solution, and again balanced using

crude oil. The ultra-centrifuge was started as before, but ran overnight at 32.000 rpm this time.

On the next day, after 18-24h, the run was stopped and the AdV layer extracted as previously ex-
plained. The extract was inserted into a dialysis cassette using the injection site #1. As each injection
site can only be used once, it was important to mark which one had been used in this step. While
injecting the virus into the dialysis cassette, it was also important to remove some air from the cassette
from time to time, using the same syringe, to prevent a rupture of the membrane due to increasing
pressure. After the whole virus solution was transferred, as much air as possible was removed from
the cassette to increase the contact surface between the membrane and the AdV solution. The cas-
sette was then transferred into a glass beaker filled with 1L of dialysis buffer and a magnetic stir bar.
The dialysis was started and performed in the fridge at 4°C. At 1h, 2h, 3h, 5h, and 7h after the start,
the whole dialysis buffer was exchanged. After the 7h step, the dialysis ran overnight without further
buffer exchanges. After the dialysis was performed, the purified AdV was extracted from the injection
site #2 of the dialysis cassette. Roughly estimated 50-100 pl aliquots of the virus were immediately
transferred to already prepared 0.5 ml Eppendorf tubes and frozen at -80°C. Two extra tubes, contain-
ing only 10 pl, were prepared for the upcoming E1A western blot and the titer determination. The
aliqguots were never thawed more than two times to ensure consistent AdV quality between experi-

ments.
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2.2.5 Dual-Luciferase reporter assay

The principle behind the assay is explained in Figure 2-8. The substrate solutions from the Promega
“Dual-Glo® Luciferase Assay System” and the Promega “dual-luciferase® Reporter Assay System” kits
could both be used for the dual-luciferase reporter assay. The firefly luciferase signals of both kits were
similar, while the renilla luciferase signals were different for both kits. This did not affect the final
results after normalization. Only if very weak signals were expected it was beneficial to use the “dual-

luciferase® reporter assay system” kit, as it produced stronger renilla luciferase signals.
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Figure 2-8: The dual-luciferase (DL), site-directed RNA editing reporter system.

The 2A peptide allows the equimolar expression of both luciferases (firefly and renilla) from one bicistronic con-
struct. It causes a ribosomal "skip" in translation, resulting in the separation of both enzymes between the last
glycine and proline of the 2A peptide. This allows in turn to normalize the RLU of the firefly by the RLU of the
renilla luciferase. The assay is performed in a plate-reader by automated successive addition of the substrates,
followed by RLU measurement. First the firefly substrate is added, followed by a firefly quencher and the renilla
substrate. By defining the normalized DL wt/amb results as 0% and the DL wt/wt results as 100% the percentage
of restored firefly luciferase activity can be calculated.

After the cell culture part of the experiments was performed, the medium was removed and the cells

were washed with PBS. After that, the cells were lysed with an appropriate amount of 1xPLB (Passive
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lysis buffer), which originated from a 5x concentrate diluted with Millipore water. 30 pl per well were
used for 96-well plates, and 100 ul for 24-well plates. After the 1xPLB was added, the lysis was per-
formed at room temperature and 700 rpm for 15 min in a plate shaker. After this, the plate could stay
at room temperature for 4h, or could be put in the fridge, or on ice, for later use on the same day. It
could also be frozen at -20°C for short-term storage under one month. Long-term storage of lysates

was performed at -70°C.

The Spark 10M plate reader was tempered to 22°C, if room temperature differed significantly from the
standard values. The substrates were solved in their respective buffer according to the manufacturers
protocol. Frozen substrate aliquots were allowed to reach room temperature before the experiment.
The injectors were washed for 10x piston strokes with Millipore water. After the washing step, another
5x strokes were performed dry to remove the Millipore water from the system. Then, the substrate-
priming was performed, always using injector #1 (left side) for the firefly substrate and injector #2
(right side) for the renilla substrate, as the renilla substrate contained a highly efficient quencher for

the firefly luciferase.

The injectors were primed until no air bubbles were visible in the syringes of both injectors, and the
program was adjusted to the wells used in the current experiment. For the dual-luciferase experi-
ments, LumiNunc 96-well plates were used. 7 pl of lysate per well were used when HEK-293T or Flp-In
T-REx cells had been transfected with plasmid, or when Hela, A549, SK-N-BE, Huh7, or THP1 had been
transduced with AdV. If Hela cells had been transfected with plasmid, then 30 ul lysate per well were
used, due to weak signal intensities. Before the actual experiment, a single read was always performed
using a small amount of the positive control lysate to adjust the used OD filter for the experiment at
hand. At signals higher than 6 million photons per second, the machine could not detect individual
photons anymore, resulting in an “over”-error. In this case OD None was changed to OD1 (90% signal
reduction), OD2 (99% signal reduction), or OD3 (99.9% signal reduction). The measurement was always

performed 5 seconds after injection for a period of 10 seconds (see Figure 3-9).

If possible, the corner wells of the LumiNunc 96-well plates were not used, due to diminished signal
intensity. The blank samples (lysate from untreated cells) were always used in the top row, the nega-
tive controls (dual-luciferase wt/amb) in the row below, all treated samples (dual-luciferase wt/amb
and a R/G gRNA) in the rows after that and the positive control (dual-luciferase wt/wt) in the bottom
row. As the machine started to inject and read at the top row, this way, there was no chance that
scattered light from a sample influenced the blank measurements or negative controls, or that a signal

from the positive control might influence the signals from the samples.
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Due to the strong variance between luciferase assays, at least three, in most cases five, biological rep-
licates were performed simultaneously in the same experiment, and not, as common, in successive

experiments. Each biological replicate was then measured in one to three technical replicates.

Finally, the resulting data were processed. The measured blank values (background) were subtracted
from the samples and the controls. Then, all firefly values were divided by the corresponding renilla
values. The resulting normalized activity of all samples was then either scaled towards the positive
control, to get the restored normalized firefly activity in percent, or towards a specific sample, to get

the firefly activity as fold change relative to this sample.
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3. RESULTS AND DISCUSSION

This chapter describes the progress of the R/G gRNA approach achieved during this thesis. Personally
generated data from the listed publications, as well as supporting, unpublished results, are discussed

in this section. Work performed by others is indicated in the continuing text.

This thesis is based on the preceding work by Dr. Jacqueline Wettengel, outlined in section 1.2.2, and
was intended to answer open questions that are crucial to the further development of the R/G gRNA
SDRE system into a therapeutic strategy. When this project started, there was no proof if complex
protein functions, e.g. in essential signaling cascades, could be restored by SDRE. The important ques-
tion, if endogenous mRNAs could be affected, too, had not been solved either. The answers to these

questions would determine, if a therapeutic use of SDRE would be feasible (section 3.1 and 3.2).

The liberation of our R/G gRNA system from its dependence on overexpressed ADAR2 was similarly
important. To accomplish this, it was first necessary to identify a panel of human cell lines positive for
endogenous ADAR expression (section 3.4). Because many human cell lines are hard to transfect with
plasmids, viral vectors for efficient gene transfer of encoded R/G gRNAs into these cell lines had to be
established and characterized (section 3.7). The question had to be solved, if other ADAR enzymes,
besides the previously used ADAR2, principally could be recruited as well. Endogenous ADAR2 is prom-
inently expressed in the CNS. The ability to recruit the constitutively and ubiquitously expressed ADAR1
p110, or the IFN-a inducible ADAR1 p150, promised to extend the spectrum of accessible tissues (sec-
tion 3.5). Consequently, it was also necessary to determine, which endogenous ADAR enzyme would
be primarily recruited by our encodable R/G gRNAs (section 3.10). As in the early phase of this project
only very low editing yields could be expected, a reliable detection method for minimal amounts of
SDRE had to be established (section 3.6), which could then be used as baseline for incremental opti-

mizations to the R/G gRNA architecture (section 3.12).

3.1 Restoration of the PINK1-Parkin signaling cascade by site-directed RNA editing

At the beginning of this thesis, the R/G gRNA system allowed the conversion of premature amber stop-
codons (TAG) into tryptophan codons (TGG), and could thus restore the fluorescence of an eGFP re-
porter containing a nonsense mutation (Pub. 2, Figure 2B). It was important to demonstrate that it
could not only restore the protein function of artificial fluorescence reporters, but also repair key com-
ponents in cellular signaling pathways connected to human disease and especially that the correction

would restore not only the target protein, but the whole signaling cascade in question.

Together with Dr. Sven Geisler (Kahle Group), our collaboration partner from the Hertie-Institute for

clinical brain research, we modified an assay, which allowed to model the pathological consequences

59



Chapter 3 Results and Discussion

of PINK1 loss-of-function mutations in Hela cells for the use in conjunction with our R/G gRNA ap-

proach. The detailed assay procedure is described in the supplement materials of publication 2.

The kinase PINK1 is a key component of the PINK1-Parkin signaling pathway, which functions like a
mitochondrial quality control system. If mitochondria are damaged and lose their proton gradient, this
could lead to the release of reactive oxygen species (ROS) and harm the entire cell. Therefore, mito-
chondria with failing proton gradient are removed by mitophagy, a mitochondria-specific type of au-
tophagy. The selection for mitophagy is based on the accumulation of PINK1, followed by Parkin, on
the surface of these damaged mitochondria and results in their translocation towards the nucleus (per-

inuclear clustering), followed by mitophagy. The mechanism is described in more detail in Figure 3-1.
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Figure 3-1: A model for Parkin recruitment to damaged mitochondria.

The kinase PINK1 (PTEN-induced kinase 1) is an essential component of a signaling pathway regulating mitochon-
drial quality control. Healthy mitochondria import PINK1 to their inner mitochondrial membrane (IMM) in a pro-
ton-gradient-dependent manner. The release of PINK1 into the cytosol is facilitated by two subsequent IMM-
protease cleavages (PARL-Protease, MPP), and results in degradation of PINK1 through the N-end rule pathway
[132]. Damaged mitochondria, without a proton gradient, can recruit PINK1 only to their outer mitochondrial
membrane (OMM). There, it is stabilized and becomes fully active after homodimerization and autophosphory-
lation [133]. Active PINK1 phosphorylates the E3 ubiquitin ligase Parkin, leading to translocation of Parkin to the
OMM and subsequent ubiquitination of mitochondrial surface proteins. This causes microtubule dependent
transport of damaged mitochondria to the endoplasmic reticulum, which is located around the nucleus (peri-
nuclear clustering), followed by autophagosome formation and mitophagy [204, 205]. This figure was adopted
from reference [206].

This behaviour was utilized to establish an assay which allowed to verify the functional rescue of mu-
tant PINK1 by site-directed RNA Editing using our R/G gRNA system. To achieve this, it was first neces-

sary to remove wild-type PINK1 from the used Hela cells.

Preliminary experiments with the goal to knock-down PINK1 in wild-type Hela cells, using specific siR-
NAs, showed that even small amounts of functional PINK1 protein could rescue mitophagy (data not
shown). As a collaborative effort, a PINK1 knock-out Hela cell line was generated, using CRISPR-Cas9
(Pub. 2, Figure S20). It was tested for its reaction to mitochondrial depolarisation using the proton
gradient uncoupling agent CCCP. In healthy cells the treatment with CCCP induces perinuclear cluster-
ing of all mitochondria followed by their mitophagy ~24h later (Figure 3-2). This was not true for the

PINK1 KO Hela cells.
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Figure 3-2: Effect of CCCP treatment on mitochondria.

Without treatment mitochondria are distributed all over the cell. Two hours after CCCP treatment, mitochondria
are perinuclear clustered. Within 24h, all mitochondria are cleared by mitophagy. This figure was adopted from
reference [205].

To quantify perinuclear clustering, it was necessary to track mitochondria, but only in cells which were
positive for all components of the PINK1-Parkin signaling pathway, as well as all components of the
R/G gRNA editing system. To achieve the former, the cells were transfected with Parkin-GFP, im-
munostained for PINK1, and their mitochondria visualized by MitoTracker Red CMXROS. The experi-
ments showed that the PINK1 KO Hela cells were not able to react to mitochondrial depolarisation
(Pub. 2, Figure 4A panel A and Figure S23B), while HeLa wt cells could (Pub. 2, Figure 4A panel B and
Figure S23A). This allowed the screening of several different PINK1 mutations, transfected as plasmids,
for their activity, or the lack thereof, in the induction of perinuclear clustering and mitophagy. The
PINK1 W437Stop mutation was finally selected. It results in a non-functional PINK1 protein with trun-
cated kinase domain (Figure 3-3) and is linked to an hereditary, monogenetic form of Parkinson’s dis-
ease [207]. It was assumed that all three stop codons at position 437 were disease-relevant, and there-

fore the easiest to edit of the three, the amber codon, was chosen.
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Figure 3-3: The PINK1 W437Stop mutation truncates the kinase domain, which renders it inactive.

The mitochondrial targeting sequence (MTS), as well as the transmembrane domain (TMD) remain intact. The
presence of the truncated PINK1 after overexpression could be verified by Sven Geisler using western blot (Pub.
2, Figure S21).

In the next step, it was necessary to detect the presence of our ADAR2 enzyme and the R/G gRNA
intended to correct the PINK1 W437Stop mutation. Overexpressed ADAR2 could be detected by simple
immunostaining (Pub. 2, Materials and Methods, Mitophagy assay). The R/G gRNAs should be detected
indirectly by utilizing a plasmid containing ADAR2 and five copies of the R/G gRNA construct (Pub. 2,
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Figure 3C). Multiple R/G gRNA copies were assumed to be necessary due to the fact that a ~1:5 stoi-
chiometry of ADAR2 to R/G gRNA had produced the most efficient editing in previous cell culture ex-

periments (Pub. 2, Figure S12).

Similar constructs, containing ADAR2 and four copies of the R/G gRNA, had been evaluated before, but
their comparibly large size (9061 bp) led to low transfection efficiency and stability. Thus, it was not
possible to use them for reliable and consistent editing experiments (section 4.2.2.6.1 in [148]). To
reduce the total plasmid size, a much smaller novel backbone was engineered. It contained all neces-
sary components of a high-copy plasmid and was named pEdit. It was assembled in a stepwise process
out of PCR fragments acquired from several commonly known expression plasmids (pcDNA3.1, pUC57,
pSilencer2.1-U6 hygro). The large spacer DNA sequences commonly present within the stock back-
bones were omitted in this process. The basic pEdit contained human ADAR2, extended with a His-Tag
and in-silico optimized Gibson linker elements with a central EcoRV cutting site, to allow the simple
cloning of pEdit vectors with different R/G gRNAs. As a result, the final pEdit1.2 backbone was only
5043 bp in size, already containing ADAR2. The additional introduction of five copies of the PINK1
W437Stop R/G gRNA via Gibson cloning extended its size to 7463 bp. This was even smaller than our
regular pcDNA3.1 ADAR2 expression vector, which was 7478 bp in size. Due to the logarithmic corre-
lation between plasmid size and transfection efficiency, the new backbone could compensate the is-

sues of previously assessed constructs [208].

The R/G gRNA used within the pEdit construct was similar to the later discussed design #2 (Figure 3-23,
Figure 3-24), but contained an additional BoxB motif at its 3’ terminus (Pub. 2, Figure 2C). While the
BoxB motif had been initially intended to improve stability, it had been shown by Dr. Wettengel that it
had no effect on the editing yield (section 4.2.2.6 and Figure 4-76 in [148]). Because the simplified
cloning procedure with oligonucleotide hybrids as inserts (Figure 2-3C) was not available at this time,
and the effect of the BoxB motif was neutral, the cloning procedure shown in Figure 2-3B was used for
convenience. The procedure resulted in the presence of the 3’ terminal BoxB hairpin. All other R/G
gRNA designs discussed in this thesis were generated using the new cloning procedure (Figure 2-3C)

and did not contain a 3’ terminal BoxB motif.

Preliminary experiments in HEK-293T cells showed that the strong overexpression of ADAR2 allowed
unspecific PINK1 W437X amber repair in the absence of R/G gRNAs. This could be circumvented by
reduction of the ADAR2 plasmid amount (and the corresponding pEdit amount in the editing experi-
ment) from 300 ng to 100 ng per well (see Figure 3-4). All subsequently discussed results therefore

stem from experiments performed with 100 ng ADAR?2 or pEdit plasmid.
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Figure 3-4: Three different PINK1 W437X amber, ADAR2 co-transfection settings lacking the R/G gRNA com-
pared in HEK-293T cells.

The unspecific editing happened probably due to an internal secondary structure within the PINK1 mRNA, as this
kind of independent editing was unprecedented in numerous, previous editing experiments. Fortunately, a very
strong overexpression of ADAR2 was necessary for this to happen, and the reduction of the ADAR2 plasmid
amount prevented the problem. 2x10°> HEK-293T cells were seeded in 24-well scale. After 24h they were trans-
fected with the indicated amounts of ADAR2 and PINK1 W437X amber plasmid, at 70-90% confluence, with a 1:3
ratio of Lipofectamine 2000. The cells were harvested 48h post transfection. This was followed by RNA isolation,
DNase-I digestion, RT-PCR, and Sanger sequencing.

After the pEdit1.2 backbone was completed and its amount adjusted, it allowed the indirect detection
of the mentioned R/G gRNA through fluorescent microscopy of immunostained ADAR2. This allowed
inturn to calculate the exact percentage of HelLa PINK1 KO cells positive for perinuclear clustering after
treatment with the complete R/G gRNA system. The transfection bias could be removed from the data

by excluding all cells negative for one of the necessary components.

The final datasets revealed visually (Pub. 2, Figure 4A panel C and Figure S23C) and statistically (Pub.
2, Figure 4B) that the presence of all R/G system components allowed the rescue of the perinuclear
clustering phenotype nearly to wild-type PINK1 levels: 84.7%x7.9% restored by the R/G editing system
in HelLa PINK1 KO cells vs. 89.2%%3.2% in Hela wt cells. The restored perinuclear clustering also re-
sulted in mitophagy 24h after CCCP treatment, as described in the literature for healthy cells [205]
(Pub. 2, Figure 4C and Figure S23C). If one component (ADAR2, R/G gRNA, PINK W437Stop substrate)
was missing, perinuclear clustering was not efficiently restored (Pub. 2, Figure 4B, Figure 4A, panel D,
E, F, and Figure S23D, E, and F). While still extremely low, the percentages of perinuclear clustering
detected in the controls that excluded ADAR2 (8.2%%5.9%), or the R/G gRNA (10.8%%2.7%), were min-
imally higher than in those excluding the PINK W437Stop substrate (2.5%+1.5%). The minor increase
for the control missing the R/G gRNA could be explained by ADAR2 still being overexpressed, even
though the setting was limited to 100 ng of plasmid. Due to the high sensitivity of the assay, it was
probably detecting residual gRNA-independent editing caused by ADAR2 overexpression (see Figure
3-4). The small percentage of perinuclear clustering found in the control missing ADAR2, but containing
the R/G gRNA, was much more interesting. It might have been induced by the very weak recruitment

of an endogenous ADAR. ADAR1 p110 was later found to be expressed in Hela cells (see Figure 3-6)
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and could be recruited to a very limited degree by early R/G gRNA designs very similar to the ones used

in these experiments (See R/G gRNA design #4 in Figure 3-23 and Figure 3-24).

While over 30% editing of the PINK1 W437X amber mRNA could be achieved in HEK-293T cells under
co-overexpression with ADAR2 (Pub. 2, Figure 3D), only ~12% could be measured in HeLa PINK1 KO
cells when using the pEdit plasmid (Pub. 2, Figure 4B, sequencing read C). This low editing yield resulted
probably from measuring a mixture of cells, including only partially-transfected ones. It is likely that
cells, showing perinuclear clustering would also exhibit higher levels of correction, if measured inde-

pendently, e.g. after FACS.

In conclusion, under the indicated settings, the R/G system was able to repair mutant PINK1, a key
component in the PINK1-Parkin mitophagy signaling pathway connected to Parkinson’s disease. It was
the first proof of principle for functional protein rescue in a cellular signaling cascade by site-directed

RNA editing using human ADAR2.

3.2 Successful site-directed RNA editing of endogenous mRNAs

Because so far only overexpressed mRNAs had been targeted by SDRE, it was important to assess if
the R/G gRNA system could also be used to edit endogenous mRNAs. The housekeeping genes ACTB,
GAPDH, GPI, GUSB, RAB7A, and VCP were selected as targets for a cooperative set of editing experi-
ments with Dr. Wettengel. The targets were selected from a list of housekeeping genes to assure that
all of them would actually be expressed in the used HEK-293T cells. After RT-PCR settings had been
established for each of them, 13 different 5’-UAG-3’ triplets within the 3’ UTRs of these 6 transcripts
were edited, using transiently overexpressed ADAR2. The target sites for this proof of principle study

were selected with three premises in mind:

1. The ADAR2 deaminase domain preference makes 5’-UAG-3’ triplets favourable editing targets
(section 1.1.2.2).

2. Base substitution in an UTR cannot cause recoding events and is therefore unlikely to be func-
tionally relevant or toxic for the cells.

3. The selection of the 3’ UTR prevents competition of R/G gRNA binding with ribosomal activity.

Without further optimization of the experimental settings, it was possible to edit 12 out of 13 selected
target sites in the first attempt, with editing yields ranging between 9% and 32% (Pub. 2, Figure 3B and
Figure S19A). Due to the unspecific effects caused by the excessive ADAR2 overexpression in the pre-
liminary PINK1 editing experiments (300 ng vs. 100 ng ADAR2 plasmid), it was important to know how
drastically reduced ADAR2 expression levels would affect editing. Therefore, a Flp-In T-REx cell line was
engineered that contained only a single genomic copy of ADAR2, stably integrated at a genomic FRT-

site and expressed from a doxycycline inducible CMV promoter. The ADAR2 expression level of the
64



Chapter 3 Results and Discussion

new cell line was analysed by my co-worker Dr. Vogel, using gPCR, and was found to be 20-fold lower

compared to transient overexpression from a plasmid (Figure S16E).

Then, the editing experiments targeting endogenous mRNAs were repeated under ectopic expression
of the guideRNA alone, using the ADAR2-Flp cells. Again, 12 out of 13 selected target sites could be
edited. Compared to the earlier ADAR2 overexpression experiment, the editing yield of ACTB and
GAPDH decreased, while RAB7A increased. The editing yields of GPI, GUSB and VCP did not change.
Overall, the editing ranged between 9% and 38% (Pub. 2, Figure 3B and Figure S19B). The used R/G

gRNA was of design #2 (see Figure 3-24).

With these results, a major question of the SDRE field was solved. The R/G system was able to site-
specifically edit the 3’ UTRs of endogenous mRNAs in HEK-293T cells and ADAR2-Flp cells, even under

20-fold lower ADAR2 expression in the latter.

3.3 The reduced ADAR2 overexpression in stable cell lines decreases off-target editing

and increases on-target editing within the eGFP W58X amber reporter mRNA

A lower, but more homogeneous, expression of ADAR2 in Flp-In T-REx cells increased the editing yield,
compared to transient overexpression, for the editing of the eGFP W58X amber reporter. Probably
because fewer plasmids had to be co-transfected. Editing yields of 67% were reached using 1300 ng of
co-transfected R/G gRNA, compared to only 50% when performing the same experiment under tran-
sient ADAR2 overexpression (Pub. 2, Figure 2E, Figure 3A panel A, and Figure S17). When reducing the
amount of R/G gRNA plasmid, the editing yield was still better (800 ng) or at least equal (400 ng) com-
pared to transient overexpression (Pub. 2, Figure 3A panel C, D and Figure S17). Additionally, no off-
target editing could be observed under these conditions in a search through the entire ORF of the eGFP
reporter gene, including the known off-target site adenosine 381 (Pub. 2, Figure S18). This result is
consistent with the earlier observation that a reduction of the ADAR2 plasmid amount lowers off-tar-
get editing when using transient overexpression settings. The beneficial effect of reduced ADAR2 over-

expression on off-target editing was a good sign for the intended use of endogenous ADARs.

3.4 Detecting the endogenous expression of ADAR family proteins

To liberate the R/G gRNA system from its dependence on overexpressed ADAR2, it was necessary to
screen for cell lines positive for endogenous ADAR expression. Cell lines deriving from tissues which

might represent interesting targets for a future therapeutic approach were selected.

These included the neuroblastoma cell lines SK-N-BE and SH-SY5Y, the glioblastoma cell line U-87 MG,
the liver cell lines Huh7 and Hep G2, the PBMC line THP-1, and the lung alveolar cell line A549. Due to
their common use in basic research, the human cervical cell line HelLa was also analysed. In addition,
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the murine liver cell line Hepa 1-6 and the murine fibroblast cell line MEF were screened for murine

ADAR? as a step towards potential future animal experiments.

To evaluate the ADAR2 expression on protein level, it was necessary to extend the spectrum of meth-
ods available in our lab with western blotting. The established protocol can be found in the material
and methods section of publication 4. Unfortunately, ADAR2 expression could not be detected in any
of the mentioned cell lines even when excessive amounts of total protein, up to 10 ug per lane, were
loaded onto the polyacrylamide gels (see Figure 3-5). In 2017, at the 1st symposium on nucleic acid
modifications in Mainz, it was stated in a scientific discussion that ADAR2 expression is silenced shortly
after extraction of cells from their host organism. Although there are some rare reports of endogenous
ADAR?2 detection in HelLa [209] and PMA-differentiated THP-1 cells [210], this statement explained why

it was not possible to detect ADAR2 in any of the tested cell lines in our lab.
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Figure 3-5: Western Blot screening of several cell lines for human or murine ADAR2 expression.

The mADAR?2 transfected HEK-293T positive control and the purified hADAR2 control showed that the antibody
is able to detect both murine and human ADAR2. However, ADAR2 expression could not be detected in any of
the assessed cell lines. 10 ug of protein-extract were loaded per lane for Hela, SK-N-BE, SH-SY5Y, U-87 MG,
HepG2, Huh7, and A549 cells. 6 pg for Hepa 1-6, MEF, and mADAR2-transfected HEK-293T. 4 ug for THP-1 cells.
1 ng purified hADAR2 was loaded as positive control. The figure was assembled from five individual western
blots. The western-blots were performed as described in Pub. 4. ADAR2 has a mass of 90 kD according to the
technical datasheet of the used antibody.

Another round of screening, this time for ADAR1 p110 and ADAR1 p150 (section 1.1.1.1), was success-
ful. The constitutively expressed p110 isoform of ADAR1 could be readily detected in all human cell
lines, which had been tested for ADAR2 before. The Interferon-inducible p150 isoform, on the other
hand, could only be positively detected in HelLa, SK-N-BE, Huh7, A549, and PMA-differentiated THP-1

cells (see Figure 3-6).
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Figure 3-6: Western Blot screening of several cell lines for human ADAR1 expression.

All analyzed celltypes express ADAR1 p110. ADAR1 p150 expression can also be induced by IFNa treatment, in-
dicated by the orange arrow. The IFNa-treated cells were induced for 24h (Hela, A549, THP-1, SK-N-BE) or 48h
(Huh?7), using 1000 units (A549, THP-1, SK-N-BE) or 5000 units (HelLa, Huh7) IFN-a in 1 ml of medium. All cells
were seeded to be 70-90% confluent at the time of transfection/transduction, using 12-well-scale cell culture
plates. 20 pg (Hela), 15 pg (A549), 14 pg (Huh7), 10 ug (SK-N-BE) or 4 pg (THP-1) of protein-extract were loaded
per lane. The figure was assembled from five individual western blots. The western-blots were performed as
described in Pub. 4. Both ADAR1 isoforms have a mass corresponding to their name (110 kD and 150 kD), accord-
ing to the technical datasheets of the used antibodies.

3.5 Demonstrating the principle recruitability of both human ADAR1 isoforms by the
R/G gRNA system

After the screening experiments for endogenous ADARs had been completed, ADAR1 became the
prime target for the planned endogenous recruitment experiments. The R/G gRNA system, however,
had been established based on a classical ADAR2 substrate [103]. It was therefore mandatory to assess,

if our R/G gRNA architecture would be able to harness ADAR1 as well.

By restoring a luciferase reporter with W417X amber nonsense mutation in both ADAR1 p110- and
p150-Flp cells, the principle recruitability of ADAR1 isoforms could be demonstrated. However, the
yield was lower than in comparable ADAR2-Flp cell experiments (see Figure 3-7 R/G design #2). At the
same time, a bachelor student whom | supervised, Madeleine Heep, showed that this was also true for
the editing of our traditional eGFP W58X amber target (Pub. 2, Figure 1C). Incremental design
optimizations, which will be discussed in more detail below (see Figure 3-23 and Figure 3-24), allowed
to nearly double the editing yield when harnessing human ADAR1 p110 in Flp-In T-REx cells, but at the
same time significantly reduced editing by ADAR2 (see Figure 3-7 R/G design #3).
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Figure 3-7: Site-directed RNA editing using R/G gRNAs and human ADARL.

R/G gRNAs are able to harness human ADAR1, too, although this results in a reduced editing yield, compared
to ADAR2. Incremental design optimizations, discussed below (Figure 3-23, Figure 3-24), allowed to nearly dou-
ble the editing yield achieved with ADAR1 p110. The editing yield was quantified using Sanger sequencing reads
from n=2 experiments targeting firefly luciferase W417X amber. 2.5x10° ADAR1 p110 or p150 Flp-In T-REx and
3x10° ADAR2 cells per well were seeded in 24-well scale on PDL coated plates. 24h post seeding, at 70-90%
confluence, the cells were transfected with 300 ng dual-luciferase reporter plasmid and 1300 ng R/G gRNA
plasmid using Lipofectamine 2000 in a 1:3 ratio. The cells were harvested 72h post transfection. This was fol-
lowed by RNA isolation, using the Quiagen RNeasy Mini Kit, DNase-I digestion, RT-PCR, and Sanger sequencing.
The observation that ADAR1 isoforms can actually be recruited, in conjunction with the solid endoge-
nous expression of ADAR1 p110 in Hela cells, supported the earlier hypothesis that the unanticipated
low frequency of perinuclear clustering witnessed in the ADAR2-lacking negative control of the PINK-
Parkin mitophagy assay, could have indeed been caused be the recruitment of endogenous ADAR1.
The corresponding sequencing reads acquired in those early experiments, however, did not show any
editing peaks (Pub. 2, Figure 4B, sequencing read D). Therefore, the assumed editing must have been
below the detection limit of Sanger sequencing (<5-10% depending on read quality), while the PINK1-
Parkin mitophagy assay was sensitive enough to detect it in some rare occasions (Pub. 2, Figure 4B,

bar diagram D with 2h CCCP). This hypothesis had to be assessed with a simpler and more reliable

SDRE detection method.

3.6 The dual-luciferase reporter system - A highly sensitive method for the detection

of RNA repair by site-directed RNA editing

Based on previous experiments, it was expected that the furthest developed R/G gRNA architecture at
that time (design #3) could only achieve SDRE yields below the Sanger sequencing detection limit,
when restricted to endogenous ADARL. To confirm the existence of these anticipated editing events,
it was necessary to establish a new reporter system with the ability to detect minimal amounts of site-
directed RNA editing with high certainty. This system should allow to assess novel R/G gRNA designs
at physiological ADAR1 expression levels to ultimately enable efficient SDRE, independent from over-

expressed editases.

68



Chapter 3 Results and Discussion

A mutant W417X amber firefly luciferase, which had already been established as editing target in our
lab, was utilized to create a novel reporter system, custom-tailored for the low-level detection and
quantification of site-directed RNA editing. The new system should also bypass the biggest issue of the
original firefly reporter, its high signal variability. To achieve this, the signal of the restored firefly lu-
ciferase should be normalized through the signal of a reference luciferase. In general, this is performed
by co-transfection of both reporters, which makes the readout vulnerable to pipetting errors. To
achieve higher accuracy, two bicistronic constructs were cloned, each combining a renilla luciferase, a
2A-peptide, and either a mutant W417X amber or a wild-type firefly luciferase (see Figure 2-8). The 2A
peptide facilitated the efficient separation of the bicistronic construct by performing a ribosomal "skip"
in translation (for details regarding 2A-peptides see [211-214]). The 19 aa long 2A-peptide from the
porcine teschovirus-1, with an additional N-terminal GSG-motif (Glycine-Serine-Glycine), had a high
cleavage efficiency (>90%) in human cell lines [214] and was thus used for the dual-luciferase (DL)

reporter system (Figure 3-8).

& U (IBGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCCTGGACC'II' SE
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Figure 3-8: 2A peptide with GSG-motif, based on the porcine teschovirus-1.

The 2A motif is in total 22 amino acids long. It consists of the 3 aa long N-terminal GSG-motif and the 19 aa long
original 2A peptide, that derives originally from the porcine teschovirus-1. The C-terminal NPGP-motif, containing
the translational “skip”-site (indicated by an arrow), is a conserved feature among variants of 2A peptides [215].

The resulting constructs allowed to express both luciferases in equimolar amounts more accurately
than co-transfection or internal ribosomal entry sites (IRES) would allow [216]. The percentage of re-
stored firefly luciferase activity could be calculated by defining the normalized results of the dual-lu-
ciferase wild-type/amber construct (DL wt/amb) as 0% and the results of the dual-luciferase wild-
type/wild-type construct (DL wt/wt) as 100%. Before the new reporter system could be used, it was
necessary to determine optimal settings for signal acquisition and to characterize its performance in
cell culture experiments. Our Tecan Spark 10M plate reader is equipped with two attenuation filters,
which can be set independently, thus reducing the signal either not at all (OD-None), by 90% (OD-1),
99% (OD-2), or both together by 99.9% (OD-3). These filters, as well as different luciferase lysate dilu-
tions, were analysed in kinetic measurements to generate first settings for the use of this new reporter
system. The results showed that dilutions up to 1:100 could still be measured with high accuracy, indi-
cated by the fact that RLU (relative light units) values showed a linear dynamic range. Undiluted cell
lysate resulted in ~4 million RLU, while 1:5 dilution resulted in ~800.000 RLU, 1:10 in ~400.000 RLU and
1:100 in ~40.000 RLU (Figure 3-9A, Firefly, OD-None curve values 5 seconds after injection, indicated

by red line).
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Figure 3-9: The impact of cell lysate dilutions and OD attenuation filter settings on the dual-luciferase assay.

(A) Kinetic RLU measurement over 20 seconds, collecting one data point every deci-second (ds), with different
attenuation settings (OD-None, -1, -2, -3), as well as different cell lysate dilutions (undiluted, 1:5, 1:10, 1:100).
The red line at 50 ds (5 seconds) and the corresponding, indicated RLU values show that all tested dilutions can
be performed with linear dynamic range. (B) Determination of the optimal delay and integration timeframe after
substrate injection. For panel A and B 2x10° HEK-293T cells were transfected with 300 ng of the DL wt/wt con-
struct in 24-well scale. 72h after transfection, dual-luciferase assay data were collected, using kinetic measure-
ments. Seven pl of cell lysate (100 pl 1xPLB per well had been used to harvest each well of the 24-well plate) with
35 ul of each substrate reagent were used per well in a 96-well LumiNunc plate.
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As the plate reader automatically extrapolated the RLU-values based on the applied OD-filter(s), the
noise in the resulting curves increased with attenuation of the signal. This was indicated by increased
fluctuation of the measured curves, when comparing OD-None with OD-1, -2, and -3. Therefore, the
selection of adequate OD-settings was very important to generate robust data, and needed to be ad-

justed relative to the signal intensities of individual experiments.

The kinetic RLU curves of the undiluted firefly measurements, as well as all measurements of the dif-
ferent renilla dilutions, seemed to decline over time. The firefly RLU curve could be stabilized by using
a 1:5 dilution and OD-None (Figure 3-9B, Firefly), resulting in a plateau after 5 seconds delay post sub-
strate injection. The renilla RLU on the other hand kept declining, independent of the applied settings
(Figure 3-9B, Renilla). While the firefly RLU decline in the undiluted cell lysate might have been caused
by substrate depletion, the constant decline of the renilla RLU was probably caused by accumulation
of inhibitory side products of the reaction. Five seconds delay after substrate injection, followed by 10
seconds of signal integration time, were deduced as optimal time settings from the results in Figure
3-9B. Due to the variability of the luciferase signal intensity between experiments, it seemed best to
perform a single kinetic measurement of the positive control previous to the actual dual-luciferase
assay. The result could then be used to determine the individual optimal settings for signal acquisition,

regarding cell lysate dilution and attenuation.

The next step was to characterize the system regarding its capability to normalize the resulting data.
Our lab had already experienced that the RLUs of luciferase experiments are drastically, and differ-
ently, influenced by the type of co-transfected plasmid. This enhancement effect, which is a current
object of research, resulted in more than 15-fold differences between RLUs, merely by changing a co-
transfected plasmid to another one (see Figure 3-10A). Therefore, it was of particular importance to
prove that the new reporter system would be able to compensate for this. Figure 3-10B shows that
the RLUs of renilla wild-type and firefly wild-type enzymes, expressed from the same bicistronic DL
wt/wt plasmid, correlate perfectly into a regression curve (R%-value of 0.99). While the enhancement
effect obviously still applied to the resulting RLUs, it did so consistently for both enzymes. Therefore,
the normalization of the firefly RLUs, with the corresponding renilla RLUs, allowed to eliminate this
bias from all calculations performed thereafter. Although the values were correlating, it was obvious
that the firefly RLUs were ~8.6-fold higher than the renilla RLUs (see regression curve function in Figure
3-10B). This was probably caused by differential levels of renilla and firefly enzyme activity. In addition,

the photon production could be affected by the used substrate solutions (commercial kits) and cell

types.
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Figure 3-10: Characterization of the dual-luciferase reporter system.

(A) Area diagram showing the renilla and firefly luciferase RLU raw data resulting from several different dual-
luciferase wt/wt or wt/amb co-transfection settings. (B) Linear correlation between the renilla wild-type and the
firefly wild-type activity (RLU), both produced from the same bicistronic DL wt/wt plasmid. (C) Linear correlation
of activity’s (RLU) between the renilla wild-type produced from the DL wt/wt plasmid and the renilla wild-type
produced from the DL wt/amb plasmid. 2x10° HEK-293T cells were seeded in 24-well scale for the results in panel
A, B and C. 24h post seeding, the cells were transfected with the indicated amounts of plasmid, using Lipofec-
tamine 2000 in a 1:3 ratio including either 300 ng dual-luciferase wt/wt or wt/amb reporter plasmid. The lucifer-
ase assay was performed 72h post transfection. They were measured at OD-None using 7 pul lysate per well of

the LumiNunc 96-well plate (100 ul 1xPLB per well had been used to harvest each well of the 24-well plate).
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The Figure 3-10C shows that the RLU of the renilla wild-type enzyme was ~3.5-fold lower when ex-
pressed from the DL wt/amb construct, compared to the DL wt/wt construct (see regression curve
function in Figure 3-10C). This was probably caused by some form of NMD, induced by the nonsense
mutation present within the DL wt/amb construct. While this difference came unexpected, it did not
represent an issue, as the renilla wild-type RLU values of both constructs still correlated very well (R2-

value of 0.97).

Because of this correlation, the restored firefly luciferase activity found in R/G-gRNA-treated DL
wt/amb samples can be expressed, after normalization, as percentage relative to the normalized firefly
values of untreated DL wt/amb (negative control) and DL wt/wt (positive control). Alternatively, the

difference between samples can be expressed as relative fold change.

% Restored Luciferase Activity (Normalized) =

(Mean Firefly RLU Sample — Mean Firefly RLU Untreated cells) ;(Mean Firefly RLU Positive Control — Mean Firefly RLU Untreated cells)
*
(Mean Renilla RLU Sample — Mean Renilla RLU Untreated cells)/ (Mean Renilla RLU Positive Control — Mean Renilla RLU Untreated cells)

100

Fold Change =

(Mean Firefly RLU Sample A — Mean Firefly RLU Untreated cells) j(Mean Firefly RLU Sample B — Mean Firefly RLU Untreated cells)
(Mean Renilla RLU Sample A — Mean Renilla RLU Untreated cells)/ (Mean Renilla RLU Sample B — Mean Renilla RLU Untreated cells)

The high numerical differences between the firefly RLUs of the negative control (DL wt/amb construct)
and the positive control (DL wt/wt construct) indicate that this system is extremely sensitive and allows

to detect the correction of firefly proteins far below 1% of their wild-type activity (Figure 3-10A).

Although the system was obviously capable of accurate quantification at the protein level, it was nec-
essary to show that the measured percentages did also correlate to the editing at RNA level. This was
mandatory to exclude that unspecific, not RNA-editing-related effects would lead to restored firefly
activity. Therefore, diverse R/G gRNA designs were individually co-expressed with the dual-luciferase
reporter system in ADAR1p110-, ADARp150, and ADAR2-FIp cells, resulting in a spectrum of different
editing yields. These were analyzed simultaneously at the RNA level, using RT-PCR followed by Sanger-

sequencing, and at the protein level, using the dual-luciferase assay.
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Figure 3-11: Correlation of dual-luciferase data at protein level, with editing data at RNA level.

The formulas on the lower right can be used to extrapolate the editing percentage at the RNA level from the data
generated at the protein level. The formulas might only be valid within the displayed linear range of 0% to ~50%
editing. 2x10° ADAR1 p110, p150 Flp-In T-REX, or 3x10°> ADAR2 Flp-In T-REx cells per well were seeded in 24-well
scale. The cells were induced with 10 ng/ml doxycycline at seeding. 24h post seeding, at 70-90% confluence, the
cells were transfected with 300 ng dual-luciferase reporter plasmid and 1300 ng R/G gRNA plasmid using Lipofec-
tamine 2000 in a 1:3 ratio. This was performed in duplicate. All cells were harvested 72h post transfection. For
one of the duplicates, this was followed by the dual-luciferase reporter assay at OD-None using 7 ul lysate per
well of the LumiNunc 96-well plate (100 ul 1xPLB per well had been used to harvest each well of the 24-well
plate). For the other duplicate, it was followed by RNA isolation using the Quiagen RNeasy Mini Kit, DNase-I
digestion, RT-PCR, and Sanger sequencing.

Both datasets (protein- & mRNA level) correlated nicely, even though there were differences between
the ADAR enzymes (see Figure 3-11). The ADAR1 p110 and ADAR2 correlations were nearly identical,
while the ADAR1p150 correlation diverged from the other two. However, by using the formulas dis-
playedin Figure 3-11, it was thereafter possible to estimate the percentage of site-directed RNA editing
based on results measured at protein level. Consequently, the system could now also be used as fast
screening tool for novel gRNA designs avoiding the slow and cumbersome RT-PCR procedure that was

used before.

74



Chapter 3 Results and Discussion

After the assay was established and characterized, it could finally be used for its intended purpose:
The detection of site-directed RNA editing using endogenous ADARs. Therefore the R/G gRNA design
#3 was utilized, which had already been shown to be much more effective in the recruitment of ADAR1
(see Figure 3-7). As expected the achieved editing was extremely low, ~0.15% correction at the protein
level in Hela cells. Nevertheless, even these low values could be unequivocally and reliably detected,
as indicated by the significant (p = 0.0022, unpaired, two-tailed, Mann-Whitney U test), six-fold differ-
ence between samples treated with R/G gRNA design #3 and the negative controls (see Figure 3-12).
This was the starting point for further optimization, because the new readout allowed to generate

meaningful SDRE data at physiological ADAR1 expression levels.
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Figure 3-12: Dual-luciferase assay performed in IFN-a induced Hela cells using plasmid-encoded dual-lucifer-
ase and R/G gRNA design #3 gRNAs.

Endogenous ADAR1 can be recruited in Hela cells. Relative to the positive control, the 6-fold increase represents
0.15% correction at protein level. 1.2x104 Hela cells were seeded in 96-well scale. 24h after seeding the cells
were transfected with 100 ng per well of either empty vector, or design #3 R/G gRNA targeting firefly W417X
amber, using Lipofectamine 3000 in a 1:1.5 ratio. Simultaneously, they were infected with 50 MOI dual-luciferase
reporter adenovirus per well. The cells were treated with 200U IFN-a per well, beginning on the day of transfec-
tion/infection, and continuing for 48h, until the dual-luciferase assay was performed. They were measured at
OD-None using 7 pl lysate per well of the LumiNunc 96-well plate (100 ul 1xPLB per well had been used to harvest
each well of the 24-well plate). Medium was changed every 24h. The assay was performed as biological duplicate,
each one measured as technical triplicate. The data are displayed as logarithmic fold change relative to the neg-
ative control. The results of the negative control and the R/G gRNA design #3 sample are significantly different
with p =0.0022 in a unpaired, two-tailed, Mann-Whitney U test.

3.7 Establishing the adenoviral transduction and qPCR quantification of R/G gRNAs

The low transfection efficiency in Hela cells compared to HEK-293T cells (see Figure 3-13), which had
been witnessed in many earlier experiments (e.g. using eGFP plasmids), lead to the conclusion that the
low editing yield in Hela cells might be caused by non-uniform and low R/G gRNA expression, besides
other potential reasons. Consequently, it was attempted to simultaneously increase the R/G gRNA ex-
pression and find a way to quantify it. In cooperation with Prof. Naumann, an expert for recombinant
adenoviruses (AdVs) from the Hertie-Institute Tubingen, we established the transport of our R/G

gRNAs into hard-to-transfect cell types.
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Figure 3-13: eGFP expression levels after plasmid transfection or adenovirus transduction.

The images were captured using the optimal settings and the optimal time points for each vector and cell type,
as established in previous experiments and known at the time when the experiment was performed. It was aimed
at the highest possible level of transgene expression, which was achived 48h post transfection for the plasmids,
and 72h post transduction for the AdVs. The plasmid-transfected HEK-293T cells were treated with 1300 ng R/G
gRNA and 300 ng eGFP using Lipofectamine 2000 at a 1:3 ratio (3 pl Lipofectamine 2000 per 1000 ng of plasmid).
The plasmid-transfected Hela cells were treated with 1300 ng R/G gRNA and 300 ng eGFP using Lipofectamine
3000 at a 1:1.5 ratio (1.5 pl Lipofectamine 3000 per 1000 ng of plasmid). The cells were infected with the indi-
cated MOI of adenovirus, that encoded the B-actin 3’ UTR targeting R/G gRNA of design #2 and an eGFP-tag. All
cells were seeded to be 70-90% confluent at the time of transfection/transduction, using 24-well scale cell culture
plates. The THP-1 cells had been PMA-differentiated previous to the experiment, using a 200 nM PMA treatment
for 3 days, followed by 5 days of rest in medium without PMA.

Due to the fact that earlier experiments had required large amounts of plasmid and harsh transfection
settings to achieve high editing yields, we decided to use AdVs instead of adeno-associated viruses
(AAV) at this stage of development. In contrast to AAVs, AdV are known for high levels of transgene

expression as well as high production titers.

AdVs are non-enveloped dsDNA viruses with an icosahedral capsid structure. The used AdV of serotype

5 is mechanistically the best-characterized and the most widely used virus over all clinical studies [217].
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We used a first generation recombinant AdV system containing a E1A gene deletion, which prevents
unintended viral replication. Ad293 cells were used for the AdV production, as they supply E1A in trans

[218]. For details regarding the AdV production, see section 2.2.4.

Dr. Wettengel kindly provided an AdV for preliminary transduction optimization experiments. It en-
coded a eGFP reporter and a R/G gRNA of design #2, targeting the first 5’-UAG-3’ triplet in the 3’ UTR
of endogenous B-actin mRNAs (hence referred to as B-actin R/G gRNA AdV). Initially, these optimiza-
tions were performed for several cell types by using the eGFP fluorescence of the B-actin R/G gRNA
AdV as approximation for the R/G gRNA expression level. However, the eGFP expression from the CMV
promoter did in fact not represent a valid approximation for the R/G gRNA expression from the U6
promoter, and lead to the false conclusion that the R/G gRNA expression might be already near its

peak after ~48h (see Figure 3-13, 100 MOI AdV at 48h and 72h in Hela cell).

As a means to directly asses the R/G gRNA quantity, a RT-qPCR workflow using the comparative AAC(t)
method was established (see Figure 2-4 and section 2.2.3) [200]. The gPCR primer pairs (see Table 2-7)
were optimized regarding their melt temperatures, secondary structures, as well as off-target binding
using primer-blast [219]. They required 5’ strand-extensions to allow successful amplification of the
only 61-71 nt long R/G gRNAs (length depending on the used R/G gRNA design). The resulting ampli-
cons were 101-111 nt in size. In addition, the qPCR primer pairs were characterized regarding their
efficiency (standard curve and amplification plot of dilution series), and specificity (melt curve and
agarose gel). The results of this characterization for all primer pairs used in this thesis are summarized

in Figure 3-14 and Figure 3-15.

Design #2 Design #3
R/GgRNA | R/G gRNA

. Examples for excluded design #2
2-log ladder R/G gRNA B-actin primer sets.

3000 bp [T

. 2

1000 bp

500 bp
st e [ o -
RGERNA| - | + | -] + [+ [+ [ +]
Figure 3-14: Evaluation of R/G gRNA qPCR primer pairs for unspecific by-products via agarose gel.

RNA was isolated from HEK-293T cells transfected with 1300 ng of the appropriate R/G gRNA, or from untrans-
fected HEK-293T cells, using the high pure miRNA isolation kit. The RNA samples were reverse transcribed with
the high-capacity cDNA reverse transcription kit, followed by phusion PCR, using several different primer sets.
The products were resolved on a 1.4% agarose gel. The B-actin 3’ UTR TAG#1 R/G gRNA primer set 225242253
and the firefly W417X amber primer set 2329+2330 showed no by-products and were used for R/G gRNA quan-
tification and localization experiments.
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Figure 3-15: Characterization of qPCR primer pairs.

The efficiency of all measured primer pairs was in the acceptable range between 80% to 110%, with good stand-
ard curve fits represented by R2-values >0.99. The dilution series (1x10%, 1x10°, 1x10°, 1x107) resulted in a
linear dynamic range up to dilutions of 1x107 in the amplification plots, and the melt curves showed no by-
products. The R/G gRNA primer pairs were established in our lab. The primer pair for HPRT1 came from [220].
The primer pair for Malatl came from [221]. The primer pair for U6 snRNA came from [222]. The GAPDH primer
pair had already been characterized in our lab by Dr. Vogel and was not analyzed again. 2x105 HEK-293T cells
were transfected with 1300 ng plasmid, encoding either a design #2 R/G gRNA targeting B-actin 3’ UTR TAG#1,
or a design #3 R/G gRNA targeting firefly-luciferase W417X amber. Lipofectamine 2000 in a 1:3 ratio was used.
cDNA based on total RNA isolated from the former was used for the B-actin R/G gRNA, HPRT1, Malatl and U6
snRNA dilution series, while cDNA based on total RNA isolated from the latter was used for the firefly-luciferase
R/G gRNA dilution series. The cDNAs were diluted in nuclease-free water. The qPCRs were performed as de-
scribed in section 2.2.3 and Figure 2-4.
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Figure 3-16: Relative quantification of plasmid- and AdV-encoded R/G gRNA expression levels using RT-qPCR.

(A) Comparison of several MOls and time points to achieve high level R/G gRNA expression in Hela cells. The
transfections of HEK-293T and Hela cells with identical plasmid encoded R/G gRNAs were used as reference
values. (B) Verifying the optimal time-point, using 100 MOI of AdV and an extended time course in Hela cells.
The maximum yields differ from other experiments due to a less successful plasmid transfection. However, this
does not influence the optimal time-point. (C) R/G gRNA expression of several different cell lines transduced with
individual MOI’s relative to Hela cells transduced with 100 MOI. The U6 snRNA was used as reference gene for
normalization. The used R/G gRNA was identical sequence-wise for each used vector (R/G design #2 gRNA tar-
geting the first 5’-UAG-3’ triplet in the 3’ UTR of human B-actin). The following settings were used for the panels
in this figure: 6x10* Hela cells, 2x10° HEK-293T, 1x10° A549, 5x10* Huh7, 2x10°SK-N-BE, or 1.5x10° THP-1 (differ-
entiated) cells were seeded in 24-well scale, and were then either transfected 24h post seeding with the indi-
cated amount of plasmid, or transduced with an AdV using the indicated MOI. Previously established, optimal
transfection/transduction settings were used for each vector. Lipofectamine 2000 was used in a ratio of 1:3 for
the transfection of HEK-293T cells with plasmids. For the transfection of all other celltypes in this figure with
plasmids, Lipofectamine 3000 was used in a ratio of 1:0.8. All cells were harvested by trypsination after the indi-
cated time. RNA isolation, Turbo-DNase digestion, reverse transcription, and gPCRs were performed as described
in section 2.2.3 and Figure 2-4.

The R/G gRNAs used for the quantification experiments in Figure 3-16 were sequence-wise completely
identical, allowing the direct comparison of different gene transfer vectors. The used R/G gRNA was

always of design #2, targeting the first 5’-UAG-3’ triplet in the 3’ UTR of the human B-actin mRNA.

The gPCR-workflow was then used to assess the B-actin R/G gRNA expression with several different
combinations of MOI and time point. Using 500 MOI and 1000 MOI of the B-actin R/G gRNA AdV, both
amounts already being moderately toxic for Hela cells, brought only 5.1- and 16.1-fold increases, re-

spectively, when quantified 24h post transduction and compared to plasmid-transfected Hela cells
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using the optimal transfection settings. When the quantification was performed after 72h, however,
just 100 MOI could lead to a >100-fold increase. The 72h time point could be confirmed as optimal by
an extended time course (Figure 3-16B). Although the R/G gRNA expression level of plasmid-trans-
fected HEK293T cells could not be reached entirely via transduction in Hela cells, the yields improved

considerably, compared to the earlier transfection (Figure 3-16A).

A relative comparison between the panel of ADAR1-positive and hard-to-transfect cell lines showed
that in most of them similar R/G gRNA expression levels could be achieved. Only the THP-1 cells
showed an expression level that was one order of magnitude lower and were thus not pursued any

further (Figure 3-16C).

However, early experiments performed in HelLa and A549 cells using the B-actin R/G gRNA AdV failed
to achieve SDRE detectable by Sanger sequencing (data not shown). Nevertheless, it was important to
evaluate if SDRE in hard-to-transfect cell lines at endogenous ADAR1 expression levels would princi-
pally be feasible. In Addition, the impact of switching from plasmid to AdV-encoded R/G gRNAs on the

editing yield had to be assessed.

3.8 Demonstration of site-directed RNA editing in hard-to-transfect cell lines using

only endogenous ADAR1 and adenovirus-encoded R/G gRNAs

While Sanger sequencing had failed in this regard, the dual-luciferase reporter was sensitive enough
to quantify the extent to which the adenoviral gene transfer had improved the editing yield, compared
to the earlier used plasmids. Adenoviral vectors encoding the dual-luciferase reporters and a corre-

sponding firefly W417X amber R/G gRNA of design #3 were utilized in this endeavor.

To achieve detectable RLU signals, reverse transduction of the cells with increased MOls was required.
For the reverse transduction, premixed AdV dilutions were distributed in 96-well plates, followed by
the addition of cell suspensions with defined amounts of counted cells. Using the newly established
time point of 72h and the harsher transduction settings, it was possible to detect significant levels (p-
values < 0.03) of site-directed RNA editing, based purely on endogenous ADAR1, in HelLa, Huh7, SK-N-
BE and A549 cells (Figure 3-17A). The measured correction yields were still very low, in case of A549
cells only slightly above the detection limit of the dual-luciferase assay, ranging from 0.02% to 2.6%.
However, the achieved editing percentage using AdV-encoded R/G gRNAs in Hela cells was signifi-
cantly increased (2.6%), compared to the previous plasmid experiment (0.15%). By extending the ex-
periment to an endpoint of 96h post transduction, the editing yield in Hela cells could be increased to
5.3% (Figure 3-17B). While the R/G gRNA expression level was indeed highest after 72h, the editing

reaction itself required also time, wherefore the delayed response came not completely unexpected.
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Figure 3-17: Recruitment of endogenous ADAR1 using AdV-encoded R/G gRNAs of design #3.

(A) Correction of the dual-luciferase reporter in several cell lines, using only endogenous ADAR1. 2x10° Hela cells
were reverse-infected with 300 MOI R/G gRNA AdV and 50 MOI dual-luciferase wt/amb AdV. 1x10° Huh7 cells
were reverse-infected with 800 MOI R/G gRNA AdV and 100 MOI dual-luciferase wt/amb AdV. 5x10* SK-N-BE
cells were reverse-infected with 2000 MOI R/G gRNA AdV and 500 MOI dual-luciferase wt/amb AdV. And
2x10°A549 cells were reverse-infected with 400 MOI R/G gRNA AdV and 200 MOI dual-luciferase wt/amb AdV.
This was performed in 96-well scale for all cell types. The positive control wells for all cell types were treated
with 50 MOI dual-luciferase wt/wt AdV. Due to the normalization, the wt/wt AdV amount is insignificant for the
analysis, while the wt/amb AdV amount determines the percentage of positive cells, and therefore the probabil-
ity that R/G gRNA and wt/amb AdVs infect the same cell. The dual-luciferase AdV was applied 48h before the
endpoint, while the R/G gRNA AdV was applied 72h before the endpoint. The statistical significances were calcu-
lated using an unpaired, two-tailed Mann-Whitney U test. The p-values are 0.0043 (HelLa), 0.0043 (Huh7), 0.0043
(SK-N-BE), and 0.0303 (A549). The identical p-values are a coincidence. The experiment was performed as bio-
logical triplicate, each one measured as technical duplicate. 7 ul of lysate were used per well of the LumiNunc
96-well plate and measured at OD-1. 30 pl 1xPLB per well had been used to harvest each well of the 96-well cell
culture plate. (B) Delaying the endpoint from 72h to 96h nearly doubled the correction of the dual-luciferase
reporter in Hela cells, using only endogenous ADAR1. 2x10° Hela cells in 96-well scale were reverse-infected
with 300 MOI R/G gRNA AdV and 50 MOI dual-luciferase wt/amb AdV. The dual-luciferase AdV was applied 48h
before the endpoint, while the R/G gRNA AdV was applied 72h or 96h before the endpoint. The experiment was
performed as biological triplicate, each one measured as technical duplicate. 7 pl of lysate were used per well of
the LumiNunc 96-well plate and measured at OD-1. 30 ul 1xPLB per well had been used to harvest each well of
the 96-well cell culture plate.
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Overall, the switch from plasmid- to AdV-encoded R/G gRNAs had increased SDRE ~35-fold in Hela
cells. In addition, the low correction of the dual-luciferase reporter in all analyzed cell types explained
why editing of endogenous B-actin mRNAs with AdV-encoded R/G gRNAs could not be detected by

Sanger sequencing.

Finally, it could be deduced from these experiments that mainly endogenous ADAR1 p110 had been
recruited, because the IFN-a treatment had no pronounced beneficial effect on the editing yield. The
only exception was the SK-N-BE sample, which showed a high standard deviation, rendering this spe-

cific difference questionable.

3.9 The R/G gRNA copy-number is not the determining factor for superior editing

yields achieved with chemically modified antisense oligonucleotides

While the adenoviral R/G gRNA vectors were characterized, our co-worker Tobias Merkle explored an
alternative editing approach that combined in-vitro-transcribed (IVT) design #3 R/G motifs with chem-
ically modified antisense parts (Pub. 4, Figure 1B). The resulting ASOs were directly transfected into
cells with Lipofectamine 2000. Using only the endogenous ADAR1 in Hela cells, even without IFN-a
induction, these modified ASOs worked very well (~¥35% editing yield) for the editing of the same j-
actin target, which AdV-encoded R/G gRNAs with identical sequence had failed to edit before (Pub. 4,
Figure 2A).

The most obvious difference between the two systems are the chemical modifications. And indeed,
Tobias Merkle could show that IVT R/G gRNAs without modifications achieved lower editing yields than
sequence-identical but phosphorothioate and 2°-O-methyl-modified ASO R/G gRNAs in ADAR-Flp-In T-
REx cells (Pub. 4, Figure S2).

Such chemical modifications, however, cannot be reproduced in a genetically encodable system.
Therefore, other factors that might contribute to the superior editing yields of ASO R/G gRNAs, com-
pared to AdV R/G gRNAs, were evaluated. As a first step, it was important to understand how the

encodable and the ASO R/G gRNAs would compare regarding their relative transcript copy-number.

If the AdV-encoded R/G gRNA copy-numbers would, despite their improved expression levels com-
pared to plasmids, be orders of magnitude below those of ASO R/G gRNA, it would probably be impos-
sible to achieve editing, even when an alternative solution for the beneficial effect of chemical modi-
fications would be found. A EDsy determination of ASO induced editing yields, performed by Tobias
Merkle, was used as reference. It indicated that AdV-encoded R/G gRNAs would need to be expressed
in a copy-number range similar to ~25 pmol ASO per well (24-well scale), to render efficient editing

possible (see EDsq diagram in Pub. 4, Figure 2E). The previously used B-actin R/G gRNA sequence was
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utilized again to compare the R/G gRNA copy-numbers of the different vectors in Hela cells (Figure

3-18A).

In-vitro transcribed (IVT) R/G gRNAs without chemical modifications were used as substitute for ASOs
in these experiments, to make sure that all compared samples would exhibit similar gPCR amplification
efficiencies. For this reason, the improved nuclease resistance of 2'-O-Me and phosphorothioate back-
bone-modified ASOs, compared to completely in-vitro transcribed R/G gRNAs, could not be taken into

account. However, it was assumed that an amplification bias would be more sever in a RT-qPCR exper-

iment.
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Figure 3-18: Relative quantification of R/G gRNA copy-numbers by RT-qPCR after treatment of Hela cells with
plasmid-encoded, AdV-encoded or in-vitro transcribed R/G gRNAs.

(A) Comparison of R/G gRNA copy-numbers between Hela cells treated with plasmid-encoded, AdV-encoded or
in-vitro transcribed R/G gRNAs using RT-gPCR. The total RNA was isolated using the High Pure miRNA Isolation
Kit. (B) Comparison of R/G gRNA copy-numbers between Hela cells treated with plasmid-encoded, AdV-encoded
or in-vitro transcribed R/G gRNAs, using RT-qPCR. The total RNA was isolated using the PARIS Kit. The experi-
ments were performed with three (A), or two (B), technical replicates. In panel A, the U6 snRNA was used as
reference gene for normalization. In panel B, the geometric mean of C(t) values acquired from the reference
genes HPRT1, Malat1, GAPDH, and U6 snRNA was used for normalization. The used R/G gRNA was identical se-
quence-wise for each used vector (R/G design #2 gRNA targeting the first 5’-UAG-3’ triplet in the 3’ UTR of human
B-actin). The following settings were used for the panels in this figure: 6x10* Hela cells, seeded in 24-well scale,
were transfected 24h post seeding with the indicated amount of plasmid or were transduced with an AdV using
the indicated MOI. Alternatively they were reverse-transfected at seeding, using in-vitro transcribed R/G gRNAs.
The previously established optimal transfection/transduction settings were used for each vector. Lipofectamine
3000 was used in a ratio of 1:0.8 for the plasmid transfection. For the transfection with IVT R/G gRNAs, 2.5 pl
Lipofectamine 2000 were used per well. All cells were harvested by trypsination after the indicated time. RNA
isolation, Turbo-DNase digestion, reverse transcription, and qPCRs were performed as described in section 2.2.3
and Figure 2-4.

The initial result obtained with the High Pure miRNA Isolation Kit showed again a ~100-fold increase
of the AdV-encoded R/G gRNAs, compared to plasmid. Interestingly, it also showed a ~3800-fold in-
crease in samples treated with our usual 24-well scale dose of 25 pmol IVT R/G gRNA (Figure 3-18A).
Other studies in the siRNA field, however, already demonstrated that the largest fraction of trans-

fected small RNAs are normally trapped within endosomes and are not readily available in cytosol or
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nucleus, were editing should take place [223]. Data generated using the PARIS RNA Isolation Kit with
milder buffer conditions, in conjunction with the earlier produced data, allowed a more accurate com-

parison of IVT- and AdV-encoded R/G gRNA levels.

While the High Pure miRNA Kit uses a harsh initial treatment to lyse the cells and all their compart-
ments, the PARIS Kit uses very mild buffer conditions to selectively lyse the plasma membrane and the
nucleus, allowing fractionation. The PARIS Kit cell fractionation buffer, which was used to lyse the
plasma membrane, does not lyse endosomes, according to the Invitrogen customer service. The endo-
somes are trapped on top of the silica membrane, which is used to bind and wash the isolated RNAs.
The measured relative expression of IVT R/G gRNAs using the PARIS Kit corresponded to 2.93% of the
value obtained from the High Pure miRNA Kit (110.5-fold from Figure 3-18B divided by 3769.1-fold
from Figure 3-18A). This comes very close to the average percentage (3.5%) of non-endosomally-
trapped siRNAs [223] and supports the conclusion that most IVT R/G gRNAs are trapped in endosomes
after their cellular uptake. The actual relative IVT R/G gRNA expression could now be quantified as
~100-fold higher than plasmids, exactly in the same range as the AdV-encoded R/G gRNAs (Figure
3-18B).

The switch from plasmids to AdVs did therefore close the gap between encodable and IVT R/G gRNAs
in regard to their transcript copy-numbers. The different editing yields achieved by both types of R/G
gRNA transfer when recruiting endogenous ADAR1, however, could not be explained by their quanti-

ties.

3.10 AdV-encoded and chemically modified ASO R/G gRNAs selectively recruit different
ADAR1 isoforms

After the R/G gRNA copy-number had been ruled out as potential cause for the different editing yields
of AdV-encoded and ASO R/G gRNAs, it was evaluated next, if selective recruitment of ADAR1 isoforms

could be an alternative explanation.

The enzymes responsible for the observed editing yields were determined by selective siRNA knock-
down (KD) of endogenous ADAR1 isoforms in Hela cells. The efficient simultaneous KD of both ADAR1
isoforms, or the selective KD of the p150 isoform alone, were confirmed by western blot (Pub.4, Figure

2D).

The considerably beneficial effect of IFN-a induction, in many cases nearly doubling the editing yield,
which had been observed by Tobias Merkle when using ASO R/G gRNAs, already indicated the recruit-

ment of ADAR1 p150 (Pub. 4, Figure 2A). In a cooperative experiment, we could show that completely
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modified ASO R/G gRNAs (Pub. 4, Figure 1B, ASO v9.5) indeed recruited mainly ADAR1 p150 (Pub. 4,
Figure 2C and D), when targeting the 3’ UTR of endogenous GAPDH mRNAs in Hela cells.

A similar experiment performed with AdV-encoded R/G gRNAs, targeting the dual-luciferase reporter,
showed that these recruited mainly ADAR1 p110. Both this experiment and previous ones using AdV-
encoded R/G gRNAs, consistently found no pronounced beneficial effect of IFN-a induction on the

editing yield (Figure 3-17 and Figure 3-19).

Thus, the different ways of R/G gRNA application somehow affected which ADAR1 isoform was selec-
tively recruited for SDRE. ASOs recruited mainly ADAR1 p150, while AdV-encoded R/G RNAs recruited
mainly ADAR1 p110.
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Figure 3-19: Effect of general (p110 & p150) and specific (p150) ADAR1 knock-down on the editing yield
achieved by AdV-encoded design #3 R/G gRNAs targeting the dual-luciferase reporter in Hela cells.

Seeding of 1.2x10° Hela cells in 12-well scale and reverse transfection with scramble siRNA, ADAR1 siRNA, or
ADAR1p150 siRNA using 2.5 pmol siRNA per well (3 ul HighPerfect + 2.5ul 10 nM siRNA ad 200 pl with OptiMem).
6 wells per siRNA were seeded. Each used well of the 12-well plate contained the indicated 200 pl transfection
mix for the corresponding siRNA. 24h post siRNA transfection, similarly treated wells were harvested and the
cells pooled. Thereafter 5x10* cells per well in 96-well scale were reverse-infected with 150 MOI R/G gRNA AdV
targeting firefly W417X amber. 100 ul of Hela cell suspension were added to 50 pl AdV dilution in PBS, already
distributed in the 96-well plate. 24h post R/G gRNA infection, the cells were infected with 50 MOI dual-luciferase
AdV per well of the 96-well plate. Either wt/wt for the positive control, or wt/amb for the negative control and
the editings were used. 48h post dual-luciferase infection, the luciferase assay was performed using OD-1 and 7
ul of the lysate per well of the LumiNunc 96-well plate. 30 pl 1xPLB per well had been used to harvest each well
of the 96-well cell culture plate. Three individually executed experiments gave similar results. Each experiment
was performed as biological triplicate, with each biological sample measured as technical duplicate.
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3.11 The regulation of selective ADAR1 isoform recruitment by differently applied R/G

gRNAs goes beyond simple co-localization in nucleus or cytoplasm

As mentioned earlier, ADAR1 p110 is known to be localized in the nucleus, and ADAR1 p150 in the
cytosol (section 1.1.1.1). Consequently, the subcellular distribution of differently applied R/G gRNAs
over these compartments had to be assessed as potential reason for their selective ADAR1 isoform
recruitment. Thus, the localizations of plasmid-encoded, AdV-encoded, and IVT R/G gRNAs were de-
termined by RT-gPCR (section 2.2.3 and Figure 2-4) after subcellular fractionation of nucleus and cyto-
plasm using the PARIS RNA isolation kit (Figure 3-21). Again, sequence-identical B-actin R/G gRNAs of
design #2 were used for all treatments (plasmid, AdV, IVT). To calculate the relative percentage of R/G
gRNAs between nucleus and cytoplasm, the geometric mean of the cytoplasmic reference genes
HPRT1 and GAPDH, as well as the nuclear reference genes Malatl and U6 snRNA, was used to normal-
ize the target gene. The calculations, which are based on the AAC(t) method, are explained in section
2.2.3. The gPCR primer pairs of the mentioned reference genes were characterized as explained before
(see Figure 3-15). The marked difference in fold change between the cytoplasmic and the nuclear frac-

tion, especially of Malat1, confirmed that the fractionation had worked efficiently (Figure 3-21A).

Small RNAs expressed from U6 promoters are in general assumed to be mainly localized in the nucleus
[224-228], while the literature regarding ASO localization differs widely, depending on various factors,
like its size and structure [229], the type of incorporated chemical modifications [230], and RNA-pro-

tein interactions [231, 232].

Because it had already been shown that R/G gRNA ASOs recruit the cytosolic ADAR1 p150 isoform
(Pub. 4, Figure 2C and D), it was expected that they would be present in the cytosol. In addition, the
high editing yields achieved by ADAR1 p150 made its selective recruitment desirable (see Pub. 4, Figure
2C and D). Accordingly, it was relevant to find out if the inability of the encodable R/G gRNAs to recruit
the seemingly more active ADAR1 p150 was caused by their expected nuclear retention. If true, their
editing yield should be improved by causing a localization change into the cytosol, e.g. by attaching a
tRNA to the R/G gRNA. The hypothesis was therefore, that ASOs would be present in the cytosol and
thus would be able to recruit cytosolic ADAR1 p150, while the encodable R/G gRNAs, expressed from

a U6 promoter, would be localized exclusively in the nucleus, limited to the nuclear ADAR1 p110.

The analyzed IVT R/G gRNAs were again unmodified to allow efficient gPCR amplification. Therefore,
the IVT R/G gRNA localization would not necessarily resemble the localization of chemically modified
ASO R/G gRNAs. It was nevertheless interesting to see how unmodified IVT R/G gRNAs would be local-
ized, as they recruited the cytosolic ADAR1 p150 better than the nuclear ADAR1 p110, or ADAR2, in
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ADAR Flp-In T-REx cells (Pub. 4, Figure S2). Consequently, they were also expected to be at least par-

tially localized in the cytoplasm.

As indicator for the subcellular distribution of ASO R/G gRNAs, my co-worker Tobias Merkle kindly
provided a set of fluorescence images that show the localization of an Atto594-coupled, modified ASO

of design #3 in Hela cells. They demonstrate that ASOs are localized mainly in endosomes, but other-

wise all over the cell, including the cytosol (Figure 3-20).

_ Brig htfle_ld

Chemlcally modlfled R/G gRNA DAPI

Figure 3-20: Localization of chemically modified ASO R/G gRNAs in Hela cells 24h post transfection.

The R/G gRNAs are mainly localized within endosomes, visible as small red dots all over the cell. Some of these
vesicles might also be extracellular lipoplexes. The presence of released R/G gRNAs within the cells is visible as
faint red signal filling the contour of the cells, as demonstrated by comparing the R/G gRNA channel to the bright-
field channel. Comparing the R/G gRNA channel to the DAPI channel shows that the R/G gRNAs are present in
cytosol and nucleus. The R/G gRNAs were chemically modified as explained in Pub. 4, Figure 1A, Version 9.4. In
addition, they had an amino-linker that was used to tag them with an Atto594-N-Hydroxysuccinimide ester. For
the experiment 1x10* HelLa cells were reverse-transfected in 96-well scale with RNAi Max (5 pmol R/G gRNA, 0.3
| RNAi Max). 24h post transfection, the fluorescent imaging was performed. These images were kindly provided
by my co-worker Tobias Merkle.

The previously stated hypothesis proved to be only partially accurate (Figure 3-21B). While the plas-
mid-encoded R/G gRNAs were indeed nearly exclusively localized within the nucleus in all tested cell
types (Hela, A549, HEK-293T), the AdV-encoded R/G gRNAs, which were also expressed from an U6

promoter, were distributed evenly over both compartments in all tested cell types.
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Figure 3-21: Sub-cellular localization of R/G gRNAs applied to different cell lines using adenovirus, plasmid, or
IVT R/G gRNAs.

Used Vector

(A) Exemplary fold change between the nuclear and cytoplasmic fractions of the target gene and the used refer-
ence genes. The geometric mean of all four reference genes was used to normalize the target gene results. The
example data derived from Hela cells transfected with a plasmid encoding the B-actin 3" UTR gRNA design #2.
(B) R/G gRNA distribution between nucleus and cytoplasm depending on the used vector and cell type.

88



Chapter 3 Results and Discussion

Figure 3-21 continued: Sub-cellular localization of R/G gRNAs applied to different cell lines using adenovirus,
plasmid, or IVT R/G gRNAs.

HEK-293T cell could not be transduced using an AdV, because these cells are E1A positive and would facilitate
AdV replication, causing the characteristic cytopathic effect (cell death), which can be observed in Ad293 cells
during AdV production. Each result was normalized using the geometric mean of all four reference genes and
then converted into a relative percentage value. The used R/G gRNA was identical sequence-wise for each used
vector (R/G design #2 gRNA targeting the first 5’-UAG-3’ triplet in the 3’ UTR of human B-actin). 2x10° HEK-293T
cells per well were seeded in 24-well scale. 24h post seeding, the cells were transfected with 1300 ng R/G gRNA
plasmid using a Lipofectamine 2000 ratio of 1:3 or were reverse-transfected at seeding with 5 pmol IVT R/G gRNA
using 2.5 pl Lipofectamine 2000. 1x10° A549 cells, or 6x10* Hela cells, per well were seeded in 24-well scale. 24h
post seeding, the cells were transfected with 1300 ng R/G gRNA plasmid using a Lipofectamine 3000 ratio of
1:0.8, or were reverse-transfected at seeding with 5 pmol IVT R/G gRNA using 2.5 pl Lipofectamine 2000. Trans-
duction of A549 and Hela cells was performed 24h post seeding using 100 MOI AdV. IVT-R/G-gRNA treated cells
were harvested 24h post transfection. The plasmid-transfected cells were harvested 48h post transfection. The
AdV-transduced cells were harvested 72h post infection. RNA isolation, Turbo-DNase digestion, reverse tran-
scription, and qPCR were performed as explained in section 2.2.3 and Figure 2-4. The experiments were per-
formed with two technical replicates.

The unsuspected even distribution, might have been caused by structural damage of the nuclear pore
complex by the adenoviral entry mechanism [233]. The unmodified IVT R/G gRNAs were present in
both compartments, as expected, but showed different tendencies for nucleus or cytosol, depending
on the analyzed cell type. As explained earlier, the PARIS Kit, which was used for RNA isolation in these
experiments, excludes the large endosomally-trapped portion and quantifies only IVT R/G gRNAs that
were already released from the endosomes. The IVT R/G gRNAs detected in the cytosol were therefore
no artefact of the utilized RNA-isolation method, but actually functional, cytosolic R/G gRNAs. In con-
clusion, this means that AdV-encoded, ASO, and IVT R/G gRNAs exhibit a similar localization profile,
being distributed over nucleus and cytosol, but do somehow individually recruit ADAR1 isoforms,
which are present in only one of those compartments (Figure 3-19, Figure 3-21B and Pub. 4, Figure 2C
and D). The exact factors that determine the selective recruitment of ADAR1 isoforms by differently

applied R/G gRNAs are a topic of ongoing research.

3.11.1 Successful localization-change of an encodable R/G gRNA into the cytoplasm

The possibility of changing the localization of plasmid-encoded R/G gRNAs was investigated simulta-
neously with the previous experiments. Although the R/G gRNA localization was eventually not the
only determining factor for selective ADAR1 isoform recruitment, interesting insights for future pro-
jects have been learned in the endeavor. To enforce the localization-change of a design #4 R/G gRNA,
a valine tRNA was fused to it. The approach was based on a publication which used the same valine
tRNA to export ribozymes [234]. As expected, the R/G gRNA-tRNA"? hybrid was exported into the cy-
tosol with more than 95% efficiency (Figure 3-22A). In comparison, the regular plasmid-encoded design
#4 R/G gRNA (Figure 3-22B) was mainly localized within the nucleus, as seen in previous experiments.
Due to the activity of the tRNA as internal promotor, the R/G gRNA tRNA"? hybrid was expressed nearly

300 times higher than the regular design, which was using a U6 promoter (Figure 3-22D). Despite this,

89



Chapter 3 Results and Discussion

SDRE caused by hybrid R/G gRNAs could only be detected using the highly sensitive dual-luciferase
reporter system in ADAR1 Flp-In T-REx cells. And although SDRE could be detected, it was more than
one order of magnitude lower than with a similar R/G gRNA without the tRNA (Figure 3-22E). This was
assumed to be caused by steric problems with the tRNA. By incorporation of an intermediate linker
between the R/G gRNA and the tRNA, it was possible to restore some of the editing activity (Figure
3-22C), but not to the levels which could be reached with a regular design #4 R/G gRNA (Figure 3-22B).
Although the tRNA hybrid approach was ultimately not successful in increasing the editing yield, the
localization of the R/G gRNA could be changed and its expression level increased drastically. This

knowledge might be useful for follow-up projects.
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Figure 3-22: Generation of a R/G gRNA tRNA"?' hybrid and its effect on localization, R/G gRNA expression level
and editing yield measured at RNA level, using Sanger sequencing, and at protein level, using the dual-lucifer-
ase reporter system.

(A) Structure of a tRNAYA fused 5’ to a design #4 R/G gRNA and its subcellular localization. (B) The editing yield
on RNA level in ADAR1p110 and ADAR1 p150 Flp-In T-REx cells and subcellular localization of a regular design #4
R/G gRNA. (C) Structure of a tRNAYA' fused 5’ to a design #4 R/G gRNA with an intermediate linker region and its
editing yield on RNA level in ADAR1p110 and ADAR1 p150 Flp-In T-REx cells. (D) Comparison of the R/G gRNA
expression level between a U6-promoter-expressed design #4 R/G gRNA and a R/G gRNA tRNA"? hybrid (no
linker) expressed from the internal tRNAY?' promoter. Quantification was performed as explained in Figure 3-16.
(E) Fold change comparison of a regular design #4 R/G gRNA and the R/G gRNA tRNAY? hybrid (no linker) regard-
ing their editing yield on protein level, using the dual-luciferase reporter system. For the gPCRs resulting in the
localization data for panel A and B, and the quantification data for panel D, 6x10* Hela cells were seeded in 24-
well scale. 24h post seeding, they were transfected with 1300 ng R/G gRNA plasmid, using Lipofectamine 3000
at a 1:0.8 ratio. Quantification and localization were performed as explained in section 2.2.3. The geometric mean
of the reference genes HPRT1, GAPDH, Malat1, and U6 snRNA was used for normalization.
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Figure 3-22 continued: Generation of a R/G gRNA tRNA"? hybrid and its effect on localization, R/G gRNA ex-
pression level and editing yield measured at RNA level, using Sanger sequencing, and at protein level, using
the dual-luciferase reporter system.

For the Sanger sequencing in panel B and C, 2x10°> ADAR1 p110 or p150 Flp-In T-REx cells per well were seeded
in PDL coated 24-well plates. 24h post seeding, at 70-90% confluence, the cells were transfected with 300 ng
dual-luciferase reporter plasmid and 1300 ng R/G gRNA plasmid, using Lipofectamine 2000 in a 1:3 ratio. 72h
post transfection, the cells were harvested. This was followed by RNA isolation with the Quiagen RNeasy Mini
Kit, DNase-| digestion, RT-PCR, and Sanger sequencing. The experiment was performed as biological triplicate.
For the dual-luciferase assay results in panel E, 4x10* p150 Flp-In T-REx cells per well were seeded in PDL coated
96-well plates. 24h post seeding, at 70-90% confluence, the cells were transfected with 60 ng dual-luciferase
reporter plasmid and 260 ng R/G gRNA plasmid using Lipofectamine 2000 in a 1:0.8 ratio. 72h post transfection,
the dual-luciferase assay was performed using OD-None and 7 pl of the lysate per well of the LumiNunc 96-well
plate. 30 ul 1xPLB per well had been used to harvest each well of the 96-well cell culture plate. The dual-luciferase
assay was performed as biological triplicate, each one measured again as technical triplicate.

3.12 Enabling the efficient recruitment of human ADAR1 p110 by subsequent rational
design of the R/G gRNA architecture

Even small amounts of ADAR1 p150, hardly detectable by western blot without IFN-a induction, caused
strikingly high editing yields of ~40% correction, when using chemically modified R/G gRNAs (see Pub.
4, Figure 2C and D). This initially lead to the previously described efforts to shift the selectivity of en-
coded R/G gRNAs from ADAR1 p110 towards ADAR1 p150. ADAR1 p110, however, was expressed in
all analyzed cell types to a much higher degree (Figure 3-6). In addition, it is constitutively expressed
in most tissues and does not require IFN-a induction in the first place. This would make it the perfect
ADAR for site-directed RNA editing, if it could be recruited more efficiently. Furthermore, nuclear-lo-
calized editases are supposed to cause less off-target editing, compared to cytosolic ones [145]. While
this was only shown for artificial deaminases of the AN-boxB system, so far, it would be an additional
advantage, if also true for the nuclear ADAR1 p110. Consequently, the next goal was to find a R/G
gRNA architecture that could recruit ADAR1 p110 more efficiently and would thereby increase the
editing yield. To achieve this, a multitude of novel R/G gRNA designs was conceived and then screened

in ADAR1-Flp cells.

The new cloning procedure, explained in section 2.2.1 and Figure 2-3C, and the dual-luciferase reporter
system allowed to rapidly test new designs by circumventing the cumbersome primer extension PCR

cloning procedure, as well as the time consuming RT-PCR and Sanger sequencing protocol.

This section summarizes all improvements to the R/G gRNA architecture that were achieved during
this thesis. It starts with design #1, originally created by Dr. Wettengel, and explains step-by-step the
rational design decisions that enabled the encodable R/G gRNA system to efficiently recruit endoge-

nous ADAR1 p110 for site-directed RNA editing.

At the most basic level, a R/G gRNA consists of two parts. The double-stranded R/G motif and the

single-stranded antisense part (Figure 3-23, A).
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Figure 3-23: Description of R/G gRNA design improvements performed throughout this thesis.

(A) Simplified model of an R/G gRNA. It contains a dsRNA R/G motif at its 5" end to recruit ADAR enzyme via their
dsRBD and a single-stranded antisense part at its 3’ end, which allows target recognition by simple Watson-Crick
base pairing. (B) Different R/G gRNA motifs generated by rational design. Red-circled bases indicate differences
to the previous version. (C) Different types of antisense parts also generated by rational design. The grey RNA
sequence represents the mRNA target. The green RNA represents the antisense parts of the R/G gRNAs. The red-
circled adenosine is the editing target site. The opposite blue circled nucleotide is the counterbase (often a cyto-
sine). The number below the target adenosine and counter base mismatch indicates the editing position.
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Figure 3-23 continued: Description of R/G gRNA design improvements performed throughout this thesis.

The numbers left and right of the green antisense part indicate its length in nucleotides counted starting at the
R/G motif. In the most advanced design, the antisense part was further differentiated into the “guide sequence”,
describing the gRNA-mRNA duplex containing the target site, and into “recruitment clusters” (RCs), which do not
contain editable adenosines. The range displayed above each recruitment cluster indicates an exemplary length
range, which is defined in the cluster selection algorithm (e.g. 11-16 nt) and can vary depending on the input
variables. The range above each loop represents the distance between the cluster target sites on the target
mRNA and can also vary depending on the input variables. The adverse sequence within R/G gRNA contains a 3-
nt-long adenosine linker between the recruitment clusters. All exemplary sequences displayed are targeting the
dual-luciferase reporter system.
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Figure 3-24: Comparison of the most successful incremental R/G gRNA improvements performed throughout
this thesis.

An explanation of the various modified design parameters (editing position, R/G version, antisense length, and
recruitment clusters) is shown in Figure 3-23. The used readouts were the editing at RNA level (double peak at
the target 5’-UAG-3' triplet in the shown Sanger sequencing reads) and the relative fold change at protein level,
normalized based on the original R/G gRNA design #1 (dual-luciferase assay). The only difference between design
#7 and #8 is an increase in the used number of recruitment clusters. For the Sanger sequencing, 2.5x10° ADAR1
p110 or p150 Flp-In T-REx cells per well were seeded in 24-well scale on PDL coated plates. The cells were induced
with 10 ng/ml doxycycline at seeding. 24h post seeding, at 70-90% confluence, the cells were transfected with
300 ng dual-luciferase reporter plasmid and 1300 ng R/G gRNA plasmid, using Lipofectamine 2000 in a 1:3 ratio.
The cells were harvested 72h post transfection. This was followed by RNA isolation with the Quiagen RNeasy
Mini Kit, DNase-I digestion, RT-PCR, and Sanger sequencing.
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Figure 3-24 continued: Comparison of the most successful incremental R/G gRNA improvements performed
throughout this thesis.

For the dual-luciferase assay, 4x10* ADAR1 p110 or p150 Flp-In T-REx cells per well were seeded in 96-well scale
on PDL coated plates. The cells were induced with 10 ng/ml doxycycline at seeding. 24h post seeding, at 70-90%
confluence, the cells were transfected with 60 ng dual-luciferase reporter plasmid and 260 ng R/G gRNA plasmid,
using Lipofectamine 2000 in a 1:0.8 ratio. 72h post transfection, the dual-luciferase assay was performed using
OD-None and 7 pl of the lysate per well of the LumiNunc 96-well plate. 30 pl 1xPLB per well had been used to
harvest each well of the 96-well cell culture plate. The dual-luciferase assay was performed with triplicates for
each sample, each one measured with two technical replicates.

The concept is that the antisense part of the R/G gRNA binds to the target mRNA by simple Watson-
Crick base pairing. This allows the ADAR enzymes to be recruited to the target mRNA by binding to the
double-stranded R/G motif with their dsRNA-binding domains. This process positions the deaminase
domain of the respective ADAR in a way that allows the deamination of a mRNA target adenosine

within the antisense-part-mRNA-duplex.

As explained earlier, both the 5" and 3’ nearest-neighbor preference, as well as the counterbase pref-
erence, of the ADAR enzymes play animportant role regarding the achievable editing yield at the target
site (section 1.1.2). Therefore, the optimal 5’-UAG-3’ triplet and a cytosine as counterbase were used

for most of the optimization experiments.

The initial R/G motif, version 1 (Figure 3-23, B), was based on the naturally occurring R/G motif found
in the GIuR2 mRNA (Figure 1-12). The first R/G gRNA design consisted of the R/G motif version 1 and a
16 nucleotides long antisense part with the editing site positioned 6 nucleotides away from the R/G
motif (Figure 3-23, B, C). While the used editing position of this first R/G gRNA design was based on
the distance of the naturally occurring R/G motif to its target adenosine in cis (Figure 1-12), the anti-
sense part length was optimized by Dr. Wettengel using ADAR2 plasmid overexpression settings in

HEK-293T cells (Pub. 2, Figure S10).

It allowed a correction of the W417X amber non-sense mutation in the dual-luciferase reporter mRNA
between 12% (ADAR1 p110 Flp-In T-REx cells) and 14% (ADAR1 p150 Flp-In T-REx cells) at RNA level.
Design #1 was the starting point for all optimizations and thus provided the reference value, which
was used to normalize and compare all other designs, when performing a dual-luciferase reporter as-
say, that measures editing success at the protein level (Figure 3-24). It is important to highlight that

the transfection settings used for the two readouts displayed in Figure 3-24 were different.

To measure editing success at the RNA level via Sanger sequencing, the ADAR1 Flp-In T-REx cells were
always treated with much harsher conditions (ug plasmid to pl Lipofectamine 2000 ratio of 1:3), to find
the highest achievable editing yield. When transfecting ADAR1 Flp-In T-REx cells for the dual-luciferase

assay, the cells were treated with milder conditions (ug plasmid to pl Lipofectamine 2000 ratio of
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1:0.8), to reduce the amount of plasmid uptake. This should render the amount of R/G gRNA more

scarce and allow therefore to screen for R/G gRNAs with high potency.

3.12.1 Design #2 — Shifting the editing position within the gRNA-mRNA duplex

As a first optimization the position of the editing site within the antisense-part-mRNA duplex was var-
ied (Figure 3-23, C), leading to R/G gRNA design #2 (Figure 3-24). It was assumed that the deaminase
domains of ADAR enzymes might have some kind of optimal arrangement when sitting on top of the
duplex of antisense part and mRNA. Thus, several positions, ranging from position three to nine, were
tested comparatively. These experiments were performed in cooperation with Dr. Wettengel. While
she tested different positions using the eGFP W58X amber construct as target (Pub. 2, Figure S11), |
used the PINK1 R407Q construct (Pub. 2, Figure S15). Together, we concluded that position 8, corre-
sponding to 7 intervening nucleotides between the R/G motif and the editing site, resulted in the high-
est editing yield. When targeting the dual-luciferase reporter mRNA, this optimization resulted in ed-
iting yields between 26% (ADAR1 p110 Flp-In T-REx cells) and 28% (ADAR1 p150 Flp-In T-REx cells) at
RNA level, doubling the results obtained with R/G gRNA design #1. At the protein level, this optimiza-
tion resulted in a three- to five-fold increase (ADAR1 p110 and ADAR1 p150 Flp-In T-REx cells, respec-
tively) of restored firefly luciferase protein, compared to R/G gRNA design #1 (Figure 3-24, design #2).
A crystal structure of the ADAR2 deaminase domain (see Figure 1-6) published after these experiments
had been performed, suggested that a target adenosine at position 9 was sterically preferable. This
was very near to the experimentally determined optimal editing position 8 and explained why much

higher or lower editing positions worked less efficiently.

3.12.2 Design #3 — Rational design changes to the R/G Motif

Previous in-vitro experiments performed by Dr. Wettengel (Pub. 3, Figure 2) had shown that the R/G
motif itself can be the target for deamination by ADARs. This resulted in the idea that auto-editing of
the AU-rich R/G motif of version 1 might be destabilizing its secondary structure in cell culture, too,
and that this might result in lowered editing yields. Thus, novel R/G motifs with increased G/C content
were designed (Pub. 3, Figure 3A). The R/G motif version 2 (Pub. 3, Figure 2) only contained base ex-

changes that prevented editing at sites previously found in-vitro to show the strongest auto-editing.

Auto-editing in version 2 was attempted to be prevented either by base substitution of potential off-
target adenosines with other nucleotides, or by generation of hard-to-edit 5’-GAN-3’ triplets through
exchange of selected nucleotides with guanosines, as well as a combination of both. In case of version
3 and 4, an increasingly excessive base substitution for G/C base pairs was performed (Pub. 3, Figure
3A). Building on this initial experiments, | supervised Madeleine Heep, who worked on the topic of

novel R/G motifs to obtain her Bachelor’s degree [235].
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Ms. Heep could show that auto-editing was also happening in-vivo. R/G motifs embedded into the 3’
UTR of eGFP showed 16% editing at adenosine 8 when performed in ADAR2 Flp-In T-REx cells (Yellow
circle), and 8% editing at adenosine 13 when performed in ADAR1 p110 Flp-In T-REx cells (Blue circle)
(Pub. 3, Figure 3A, R/G version 1). Similar experiments with the R/G versions 2-4, also in cis, showed
that even version 2 could already completely prevent auto-editing within the R/G motif (Pub. 3, Figure
3A, version 2-4). The trans R/G gRNA with motif version 2 lead to a slight increase of on-target editing,
in ADAR1 p110 Flp-In T-REx cells, and to no change in ADAR2 Flp-In T-REx cells. Version 3 and 4 caused
no further improvements in ADAR1 p110 Flp-In T-REx cells, but nearly halved editing in ADAR2 Flp-In
T-REx cells (Pub. 3, Figure 3B).

Several other versions were tested by Ms. Heep during her Bachelor’s degree project [235]. Anincrease
in editing yield similar to the one achieved by increasing the G/C-content, was accomplished in ADAR1
Flp-In T-REx cells by extension of the first helix (H1) of the R/G motif (Figure 3-23B, Version 1, H1). The
initial idea had been to generate more contact surface for the second dsRBD of ADAR?2 to efficiently
bind to the R/G motif. As mentioned earlier dsRBDs need between 11 and 16 base pairs contact surface
to efficiently bind to an dsRNA (section 1.1.2.2.1). When the original R/G motif version 1 was designed
based on the natural substrate of the GIuR2 mRNA, it was cut between the two guanosines 5 and 6 nt
downstream of the editing site (Pub. 2, Figure 1A). Thereby, the assumed contact surface with the
dsRBD2 of ADAR2 was cut in half [103]. Several extensions of different length were tested by Ms. Heep.
Extensions of 2-6 bp did not improve the editing yield in ADAR2 Flp-In T-REx cells, but did surprisingly
improve the editing yield in ADAR1 Flp-In T-REx cells (see Figure 3.27 in [235]).

By combining the stabilizing base substitutions from version 2 (Pub. 3, Figure 3B, Version 2) and the
five base pair extension of the first helix, the R/G motif version 20 was created. The R/G motif version
20 (Figure 3-23, B), combined with a 16 nt antisense part, and with the target adenosine at position 8
(Figure 3-23, C), resulted in the design #3. It considerably improved the editing yield at RNA and protein
level. When targeting the dual-luciferase reporter mRNA the R/G gRNA design #3 resulted in editing
yields between 33% (ADAR1 p150 Flp-In T-REx cells) and 38% (ADAR1 p110 Flp-In T-REx cells) at RNA-
level, better than both design #1 and design #2. At protein level, this optimization resulted in a five- to
six-fold increase (ADAR1 p110 and ADAR1 p150 Flp-In T-REx cells, respectively) of restored functional
firefly luciferase protein, compared to R/G gRNA design #1 (Figure 3-24, design #3). Due to my contri-
butions to the development of the R/G motif version 20, used in RG gRNA design #3, | became co-
inventor of patent application PCT/EP2018/067718.

3.12.3 Design #4 — Deductions from the ADAR2 deaminase domain crystal structure
A nuclease footprinting study showed that the ADAR2 deaminase domain covers 23 bp of dsRNA in an

asymmetric fashion around the editing site. It was assumed to cover 18 nt on the 5' side and ~5 nt on
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the 3' side [236]. The crystal structure of the ADAR2 deaminase domain, published in 2016, showed
that it was in contact with the dsRNA over a distance of 20 nt [1]. The residues N473 and K475 facilitate
the contact to the 5’ end of the strand that contains the edited adenosine, while the residues R348
and K594 contact the 5’ end of the unedited strand (Figure 1-6C). In the same publication, it was shown
that changes of the amino acids R348 or K594 to alanine were resulting in a decrease of the editing
yield by more than one order of magnitude (Figure 6C in [1]), revealing that these interactions were
extremely important for efficient editing. Referring to our editing system, the strand that is highlighted
in red in Figure 1-6C would represent the target mRNA, while the blue strand would represent the
antisense part of the R/G gRNA. Consequently, these structural features of the ADAR2 deaminase do-
main imply that the target-adenosine-containing duplex, consisting of the target mRNA and the anti-
sense part of the R/G gRNA, should be at least 20 bp long to allow efficient binding, utilizing all possible

contact points between both interaction partners.

The transition of the project towards ADAR1 posed the question, whether the structural ADAR2 obser-
vations could also be applied to ADAR1, as ADAR1 crystal structures were not available. When aligning
the protein sequences of the deaminase domains of human ADAR1 (UniProtkKB - P55265) and ADAR2
(UniProtKB - P78563), using “NCBI Align Sequences Protein BLAST”, the sequence identity was 37%,
close to the ~40% guidance value defined by the enzyme commission as likely to result in functional
similarity [237]. Thus, ADAR1 might function in a similar way and prefer a duplex that was at least 20
bp long. The requirement to assess an extended antisense part was further supported by emerging
hypotheses about the preference of ADAR1 for longer duplexes 5’ of the target adenosine, caused by

its specific 5’ binding loop (section 1.1.2.2.1).

Previous experiments by Dr. Wettengel showed that antisense parts longer than 16 nt did not further
benefit the editing yield, and they could even become disadvantageous above 20 nt (Pub. 2, Figure
$10). While this was correct for the settings used at the time, HEK-293T cells with ADAR2 overex-

pressed from a plasmid, the correlation may change under different conditions.

To find out, whether an antisense part extension might have a positive effect on the editing yield, a
R/G gRNA of design #3 with a 16 nt long antisense part was compared to the new R/G gRNA design #4
with a 20 nt long antisense part, using ADAR1 Flp-In T-REx cells that express ADARs to a much lower
degree. Regarding their R/G motif version and the editing position, both designs were identical. The
result of this slight change was a strong positive effect on the editing yield, when using ADAR1 p110
Flp-In T-REx cells, but interestingly a minimally negative effect when using ADAR1 p150 Flp-In T-REx
cells. As ADAR1 p110 and p150 are identical, regarding their deaminase domains, but differ in their N-
termini (Figure 1-2), this difference might be connected to the N-terminal Z-DNA/RNA binding domain
of ADAR1 p150. The editing yield at RNA level in ADAR1 p150 Flp-In T-REx cells was 38%, using design
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#3, relative to 50%, when using design #4. Compared to the original design #1, the new design #4
resulted in a 9-fold improvement of restored firefly luciferase activity on protein level. In ADAR1 p150
Flp-In T-REx cells, the editing at RNA level was similar between design #3 and #4, with 33% and 32%,
respectively. At protein level, when comparing design #3 and #4, the new design #4 resulted in a slight
reduction of restored firefly luciferase activity from 5.8- to 4.4-fold, compared to design #1 (Figure

3-24).

3.12.4 Design #5 — Minor R/G motif base-exchanges improve ADAR1 p150 recruitment

My co-worker, Tobias Merkle, who had used a variant of the R/G motif version 20 for experiments with
IVT and chemically modified ASO R/G gRNAs, had introduced a small change at the start of the motif,
to improve its in-vitro transcription by the used T7 promoter. In his nomenclature, this variant was
named ASO v9.4 (see Pub. 4, Figure 1B). He swapped the second and the third base pairs in helix 1 (H1)
of the R/G motif duplex from 5’-GUG to 5’-GGU, and 3’-CAC to 3’-CCA, respectively (see Figure 3-23).
Two guanines at the beginning of a T7 transcript resembled the optimal T7 sequence more closely and
increased the produced R/G gRNA yield [238]. Out of curiosity for the effects of such slight changes,
the R/G motif version 21 was created, mimicking this swap in the encodable R/G gRNA system. If the
nucleotide change would generally influence the expression level of the R/G gRNA from the U6 pro-
moter in-vivo, similar to the T7 promoter in-vitro, then a general increase in editing could be expected.
This was not the case, as ADAR1 p110 and ADAR1 p150 reacted differently to the change. The editing
yield at RNA level in ADAR1 p110 Flp-In T-REx cells was 51% when using design #5 with the R/G motif
version 21, and thus nearly identical to the 50% achieved with design #4. The increase was also slim at
the protein level, changing from 9-fold (design #4) to 12-fold (design #5), compared to design #1. When
using ADAR1 p150 Flp-In T-REx cells, the editing at RNA level went up from 32% to 46%. At protein
level, it changed from 4.4-fold to 6.2-fold, relative to design #1. Because the swap resulted in an overall

improvement, the R/G motif version 21 was used for all further designs.

3.12.5 Exemplified limitations of unmodified antisense parts

Despite all the mentioned design improvements, which were analyzed in ADAR1 Flp-In T-REx cells, it
had been impossible to achieve editing above the detection limit of Sanger sequencing when recruiting
endogenous ADARs in other cell lines, e.g. in Hela cells. At least, when the encodable R/G gRNA-system

was used, and not the chemically modified one.

Adenoviral transduction, optimized in regards of MOI and time point, as well as transcript copy-num-
ber comparison and localization-change of R/G gRNAs did not solve this issue (see Figure 3-16, Figure
3-17, Figure 3-21, Figure 3-22). This narrowed the potential causes for the superior editing of chemi-
cally modified R/G gRNAs down to their modifications, something that could not directly be repro-

duced in an encodable R/G gRNA system.
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The 2’-0-Me modifications were known to improve potency, nuclease resistance and overall pharma-
cokinetic and pharmacodynamic properties. Importantly, they conferred RNAs into their most energy-
favorable conformation, the C3’-endo (N-type) sugar pucker, increasing their Watson-Crick binding af-

finity [239].

In contrast to most of the properties mentioned above, the Watson-Crick binding affinity could also be
increased in an encodable R/G gRNA system, through further extension of the antisense part. But while
a 20 nt long antisense part represented the optimal length for full interaction between the ADAR2 (and
maybe also the ADAR1) deaminase domain and the gRNA-mRNA duplex, a substantial further exten-

sion can introduce several problems.
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Figure 3-25: Comparison of R/G gRNAs with increasing antisense part length, regarding their secondary struc-
ture and the archived relative editing yield on protein level, using the dual-luciferase reporter system.

The decrease in relative editing in this example was partially caused by the suboptimal positioning of the target
adenosine, which was always placed in the center of the antisense part. Anyway, the relative editing seems to
be impaired when the antisense part length is increased. The secondary structure of the antisense part also
increased in strength (base pairs with high equilibrium probability are indicated by their color) and/or length,
thereby masking the hybridization surface for interaction with the target mRNA. The 51 bp long antisense part
even misfolded the entire R/G motif with high probability. In this experiment, 4x10* ADAR1 p150 Flp-In T-REx
cells per well were seeded in 96-well scale. The cells were induced with 10 ng/ml doxycycline at seeding. 24h
post seeding, at 70-90% confluence, the cells were transfected with 60 ng dual-luciferase reporter plasmid and
260 ng R/G gRNA plasmid using Lipofectamine 2000 in a 1:0.8 ratio. 72h post transfection, the dual-luciferase
assay was performed using OD-None and 7 ul of the lysate per well of the LumiNunc 96-well plate. 30 ul 1xPLB
per well had been used to harvest each well of the 96-well cell culture plate. The experiment was performed as
biological triplicate with one technical measurement per sample. The R/G gRNA secondary structures were gen-
erated using Nupack [197]. Background information on the used R/G motif version 20 and a general explanation
of antisense parts can be found in Figure 3-23.

With increasing length, the single-stranded antisense part can become more likely to form intramolec-
ular secondary structures by folding back to itself, becoming partially double-stranded and thereby

masking the contact surface to the target mRNA. Above a certain length threshold, there is even a
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chance that the whole R/G motif might become misfolded by forming an unwanted secondary struc-
ture with the extended antisense part. This was exemplified in Figure 3-25. The impact of this effect

depends strongly on the individual R/G gRNA sequence.

Additionally, a conventionally extended antisense part does not allow rational design, as it is limited
to the nucleotides that come next in line on the corresponding target mRNA. If further adenosines in
the target mRNA would be covered by this elongated antisense part, it could lead to unwanted off-
target editing within the resulting duplex (see Figure 3-28). The extended antisense part might also
bind to other targets in the transcriptome and facilitate off-target editing in completely different

mRNAs, which could not be avoided without the possibility of rational design.

3.12.6 Recruitment clusters — Novel in-silico-optimized antisense parts

To be able to increase the R/G gRNA affinity, while trying to circumvent the issues mentioned above, |
devised a novel type of antisense part, which could be optimized in-silico. After the desired function-
alities had been outlined, Mr. Nicolai Wahn, a bioinformatics expert, contributed decisively to the pro-
ject by programming the tool that enabled these in-silico optimizations. On top of the basic implemen-

tation, he improved the program with a heuristic search function.

The new architecture consisted of a 20 nt antisense part, hence named the “guide”-sequence, which
was connected to the R/G motif at its 5’ end and to several smaller in-silico-optimized antisense parts
at its 3’ end (Figure 3-23C). These in-silico-optimized parts are hence called “recruitment clusters”
(RCs). RCs bind to the target mRNA, like the guide sequence, but were designed to target only se-
quences that do not contain editable adenosines. The RCs are connected to each other and to the
guide sequence by 3 nt long adenosine linkers, and were selected in-silico using the custom built “re-

cruitment cluster finder” (RCF) tool.

Preliminary experiments with hand-selected RCs, showed no or only a slight increase in editing (Figure
3-26). This might have been caused by strong secondary structures as well as contact surface masking,
which could not be prevented efficiently, when handpicking the RCs. Therefore, the in-silico approach

was introduced, which then lead to significant improvements (Figure 3-24, design #7 and #8).
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Figure 3-26: Comparison of a regular R/G gRNA with variants containing one to three hand-selected recruit-
ment clusters.

The designs with +1 or +2 RCs have a secondary structure with higher probability (orange to red) in their antisense
part, compared to the design without RCs (yellow). Both designs show slightly lower editing. In comparison, the
secondary structure of the design with +3 RCs has a longer single-stranded section within its antisense part, as
well as a lower probability for strong secondary structures at the 3’ end (blue). It shows slightly increased editing.
In contrast to later designs, the early R/G gRNAs used in this experiment contained the R/G motif version 20, had
the editing site located at position 11, and contained a 21 nt long antisense part. In this experiment, 4x10* ADAR1
p150 Flp-In T-REx cells per well were seeded in 96-well scale. The cells were induced with 10 ng/ml doxycycline
at seeding. 24h post seeding, at 70-90% confluence, the cells were transfected with 60 ng dual-luciferase reporter
plasmid and 260 ng R/G gRNA plasmid using Lipofectamine 2000 in a 1:0.8 ratio. 72h post transfection, the dual-
luciferase assay was performed using OD-None and 7 ul of the lysate per well of the LumiNunc 96-well plate. 30
ul 1xPLB per well had been used to harvest each well of the 96-well cell culture plate. The experiment was per-
formed as biological triplicate with one technical measurement per sample. The R/G gRNA secondary structures
were generated using Nupack [197]. Background information on the used R/G motif version 20 and a general
explanation of antisense parts can be found in Figure 3-23.

The function of the “recruitment cluster finder” (RCF) tool is to scan an input DNA, corresponding to
the target pre-mRNA/mRNA, for clusters of uninterrupted sequences that contain only guanosine, thy-

midine, cytosine, but not adenosine, except if the adenosine sat 3’ of a directly adjacent guanosine.

Allowing such an adenosine was possible because the 2-amino group of the guanosine sterically inter-
feres with the activity of the ADAR deaminase domain, lowering and in most cases preventing editing
of the adenosine in question [1]. The specific arrangement of adenosines in codon contexts inefficient
for RNA editing had already worked before, e.g. in the prevention of R/G gRNA autoediting of R/G

motif version 2 (Pub. 3, Figure 3A).

Including these specific adenosines in the search function increased the possible number of detected

RC, as not every RC sequence containing an adenosine had to be filtered out.
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A conceptual description of how the recruitment cluster finder (RCF) selects RCs is displayed in Figure

2-1. The theoretical benefits of these in-silico-optimized RCs are the following:
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The selection of sequences as RCs, which are free of editable adenosines (only G, T, C and
5’-GA), allowed a controlled increase of the “gRNA-to-mRNA” affinity by adding the RCs as
3’ extensions to an R/G gRNA with a constant, 20 nt long guide sequence. The sequence
composition of the RCs rendered off-target editing within the target mRNA nearly impos-
sible. An increase in antisense length should consequently also increase specificity for the
target mRNA.

The availability of several attachment points (RCs) to spatially remote locations on the tar-
get mRNA, compared to only one attachment point in the former design, could increase
the likelihood of spatial gRNA/mRNA convergence.

By using a brute force combinatorial approach, the RCs could be in-silico-selected for min-
imal secondary structure within the total single-stranded part of the R/G gRNA (RCs and
guide-sequence). RCs which might form potential secondary structures with the R/G motif
could also be excluded. This could circumvent the masking and misfolding problems men-
tioned earlier.

The clusters could be defined in their length. This allowed the guide sequence to be 20 nt
long, which was assumed optimal for deaminase domain binding, while the RCs could be
as short as 11 nt, which was the minimal length of a dsRNA to be still recognized by ADAR
dsRBDs. Therefore, off-target editing within the RCs was not only minimized by the se-
guence composition (G, T, C, 5’-GA), but also sterically by creating an inferior substrate for
deaminase domain binding, while editing within the guide sequence was not hampered.
Consequently, this should allow editing-inducer-element-like (section 1.1.2.1) local accu-
mulation of ADARs by creating a substrate for dsRBD binding (RCs), while preventing edit-
ing within these RCs by sequence composition and length.

The in-silico-selected RCs could additionally be blasted to predict if they might potentially
bind to other mRNAs in the transcriptome and also if the resulting duplex would contain
editable adenosines. RCs found to allow off-target editing in non-target mRNAs, could thus
already be excluded in the R/G gRNA design process.

The distance of the RCs to each other on the mRNA could be defined by simple inputs into
the “recruitment cluster finder”. This could be of potential interest for editing with
ADAR1p150 in the cytosol, where gRNAs have to compete with ribosomes, which are as-
sumed to constantly detach gRNAs from their target mRNAs when targeting the ORF.
Longer distances between RCs could potentially allow the gRNA to stay on target in such

situations, due to several spatially separated attachment points.
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Although many of these theoretical ideas sound intriguing, some of them will remain speculative until
the extent of transcriptome-wide off-target editing in this system has been evaluated using Next-gen-
eration-sequencing (NGS). Unfortunately, this has not yet been done at the time of submitting this
thesis. However, significant improvements in editing yield and a decrease in off-target editing within
the gRNA-mRNA duplex, compared to extended antisense parts not optimized in-silico as described

above, could already be shown and will be discussed shortly.

To characterize the new RC system, several types of RCs were calculated using the RCF. The tool allows
a very granular control over all components of the calculated R/G gRNA, like the used R/G motif, the
guide sequence, the linker length and sequence, as well as potential 3’-terminal nucleotides (like the

three uridines, which are a normal residue of the U6 termination signal).

All of these can be customized and are then included into the calculation. To test the optimal RC size
and distance between the RCs on the target mRNA, several RC types were compared, targeting the
dual-luciferase reporter system in ADAR1 Flp-In T-REx cells. Sanger sequencing and the dual-luciferase

assay were used as readout again.

The cluster size range input for the RC type A, B, E and F were 11-16 nt, resembling the size optimal for
dsRBD. The cluster size range input for the RC type C and D were 18-22 nt, resembling the size of
miRNAs. The RC set A-E contained three RCs, one for each dsRBD of ADAR1. The set F contained eight
RCs thereby providing multiple dsRBD attachment points similar to an EIE. The distance range inputs
(distance of the clusters to each other and to the guide sequence on the reporter plasmid or gene in
bp) were also selected individually. The following input ranges were used: Type E 10-100 bp, Type C
10-250 bp, Type F 10-500 bp, Type B 100-250 bp, Type D 100-500 bp, Type A 250-500 bp. For details
on cluster size, cluster-to-cluster distance, achieved editing at RNA- and protein-level, as well as sec-

ondary structures, see Figure 3-27.

The results in Figure 3-27A and B show that short clusters in close vicinity (Type E) are superior to short
clusters with larger cluster-to-cluster distance (Type A and B). This can be compensated to some de-
gree by an increase in cluster size (Type C and D). At least in ADAR1 Flp-In T-REx cells, the addition of
more than three clusters (Type F) does improve the editing yield even further, especially in situations
with decreased R/G gRNA quantities, like the dual-luciferase assay with mild transfection conditions
(Figure 3-27A). Figure 3-27C shows how efficiently the RCF selects RCs with extremely weak and short
secondary structures within the antisense part, compared to the hand-selected RCs displayed in Figure

3-26.
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Figure 3-27: Characterization of recruitment clusters differing in size, distance, and number.

(A) Relative fold change at protein level in ADAR1 p110 or ADAR1 p150 Flp-In T-REx cells, quantified using the
dual-luciferase reporter assay. (B) Editing at RNA level in ADAR1 p110 or ADAR1 p150 Flp-In T-REx cells, quantified
using Sanger sequencing. The cluster size in nt is displayed on the left. 16:11:12 means cluster #3 is 16 nt long,
cluster #2 is 11 nt long, and cluster #1 is 12 nt long. The distance between the clusters on the reporter plasmid
(dual-luciferase reporter) is displayed graphically in the middle. (C) Secondary structure of the different recruit-
ment-cluster-containing R/G gRNAs, as well as their exact cluster size in nt (grey), distance between the clusters
(yellow), and distance to the guide sequence (green) on the reporter plasmid in bp.
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Figure 3-27 continued: Characterization of recruitment clusters differing in size, distance and number.

For the dual-luciferase reporter assay readout in panel A, 4x10* ADAR1 p110 Flp-In T-REx cells per well were
seeded in PDL-coated 96-well plates. The cells were induced with 10 ng/ml doxycycline at seeding. 24h post
seeding, at 70-90% confluence, the cells were transfected with 60 ng dual-luciferase reporter plasmid and 260
ng R/G gRNA plasmid using Lipofectamine 2000 in a 1:0.8 ratio. 72h post transfection, the dual-luciferase assay
was performed with biological triplicates for each sample, which were then measured as technical duplicates.
For the Sanger sequencing readout in panel B, 2x10° ADAR1 p110 Flp-In T-REx cells per well were seeded in PDL-
coated 24-well plates. The cells were induced with 10 ng/ml doxycycline at seeding. 24h post seeding, at 70-90%
confluence, the cells were transfected with 300 ng dual-luciferase reporter plasmid and 1300 ng R/G gRNA plas-
mid using Lipofectamine 2000 in a 1:3 ratio. 72h post transfection, the cells were harvested. This was followed
by RNA isolation with the Quiagen RNeasy Mini Kit, DNase-I digestion, RT-PCR, and Sanger sequencing. The R/G
gRNA secondary structures were generated using Nupack [197].

3.12.7 Design #6, #7 and #8 — Comparing the novel In-silico-optimized recruitment clusters to a

reference design for conventionally extended antisense parts
For the editing of endogenous ORF targets, my co-worker Tobias Merkle had created a R/G gRNA with
an antisense part extended by 22 nt between his original 18 nt long antisense part and the R/G motif
(Pub. 4, Figure 3A). The target adenosine was arranged at position 30 of the gRNA-mRNA duplex, which
had a total size of 40 nt (Figure 3-23C). This R/G gRNA was an example for a well-working, convention-
ally extended R/G gRNA. The chemical modifications he incorporated into this R/G gRNA, which pre-
vented some of the above-mentioned shortcomings of long antisense parts (e.g. gRNA-mRNA duplex
off-target editing), however, could not be transferred to the encodable R/G gRNA system. Neverthe-
less, it was a suitable reference design to compare the efficiency of the novel RC-containing R/G gRNAs
with that of a functional R/G gRNA, which had been conventionally extended. A plasmid-encoded var-
iant of this design, called design #6 and targeting the firefly luciferase W417X amber mRNA, was then
compared to the two best-performing, RC-containing R/G gRNAs created so far, design #7 (3 RCs, RC
Type E) and #8 (8 RCs, RC Type F).

Although design #6 achieved good editing yields of 68% in ADAR1 p110 Flp-In T-REx cells, and 55% in
ADAR1 p150 Flp-In T-REx cells, the new RC-containing R/G gRNAs clearly performed better. Design #7
reached 84% (ADAR1 p110) and 68% (ADAR1 p150), and design #8 even achieved 90% (ADAR1 p110)
and 75% (ADAR1 p150) editing at RNA level. At protein level, using the mild transfection conditions

that had also been previously used for the dual-luciferase assay, this difference was even more distinct.

While design #6 restored ~30-fold (ADAR1 p110) and ~11-fold (ADAR1 p150) more firefly luciferase
activity than the original design #1, design #7 caused a ~90-fold (ADAR1 p110) and ~15-fold (ADAR1
p150) improvement. Design #7 was still outperformed by design #8, which restored ~135-fold (ADAR1
p110) and ~19-fold (ADAR1 p150) more firefly luciferase activity than the original design #1 (Figure
3-24). The designs #7 and #8 were especially successful in the recruitment of ADAR1 p110, which is the

most abundant and constitutively expressed ADAR in the human body.
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In addition to the high editing yields of the recruitment cluster R/G gRNAs, it could be shown that they
caused less off-target editing within the gRNA-mRNA duplex (Figure 3-28). While the conventionally
extended design #6 R/G gRNA caused off-target editing at three sites, up to 16%, the design #7 caused
no off-target editing within the RC-mRNA duplex and only weak off-target editing (7%) at one position
within the guide sequence. The first three RCs of design #8 were also off-target editing free. The clus-
ters 4-8 were not analyzed. Within the guide sequence of design #8, there was one off-target site again,
in this case with 16% conversion. However, this off-target editing was accompanied by 90% on-target

editing, compared to only 68% for design #6, and 84% for design #7 R/G gRNAs.

MMW\/\{\ 8

GCG6GCGACHA

C CoABCTBTGCO " GG"';::G"'GF
Cluster #3 CIuster #2 Cluster #1 uide-Sequence |

eT6CCC T CT GBTGGACTT G AG G G G G G TG
Cluster #3 Cluster# Cluster #1 | Guide-Sequence |

Figure 3-28: Sanger sequencing reads of the R/G gRNA designs #6, #7, and #8, comparing their off-target editing
within the antisense part.

These are extended excerpts of the sequencing reads in Figure 3-24. The background was removed. The 40 nt
long antisense part of R/G design #6 causes up to 16% off-target editing at three different sites within the gRNA-
mRNA duplex, while reaching only 68% editing at the target site. Design #7 shows no off-target editing within
the recruitment clusters. Design #8 shows also no off-target editing within the first three recruitment clusters.
The clusters 4-8 were not analyzed. The sequences between the RC binding sites were also evaluated and showed
no detectable off-target editing (data not shown). Both, design #7 and #8, show off-target editing within the
guide sequences, but only at one site and, regarding design #7, to a very low degree. Design #7 and #8 show
greatly improved on-target editing yield, compared to design #6.
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3.13 The R/G gRNA designs #6, #7, and #8 allow the efficient recruitment of endoge-
nous human ADAR1

Due to the high efficiency of the novel recruitment cluster R/G gRNAs in ADAR1 p110 Flp-In T-REx cells,
designs #7 and #8 were analyzed for their recruitment of endogenous ADARL1 in Hela cells. To assess
the advantage of in-silico-optimized recruitment clusters over previous designs, they were compared
to design #5, which is identical to design #7 and #8 but does not contain RCs, and to design #6, which

contains a conventionally extended antisense part.
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Figure 3-29: Comparative evaluation of editing yields achieved by the designs #5, #6, #7, and #8 using endog-
enous human ADAR1 in Hela cells via Sanger sequencing.

The upper part of this figure shows mean editing yields at RNA level after mild transfection, quantified using
Sanger sequencing. The lower part shows exemplary sequencing reads. The experiments were performed in col-
laboration with Dr. Wettengel. The mild transfection (blue) was performed with n=3 replicates. The harsh trans-
fection (orange) was performed once, and only for design #8. The experiments were performed in 24-well scale.
Hela cells were seeded in 24-well scale and transfected 24h thereafter. Mild transfection was performed using
6x10%cells per well transfected with 100 ng dual-luciferase reporter and 400 ng R/G gRNA plasmid, using Lipofec-
tamine 3000 in a 1:1.5 ratio. Harsh transfection was performed using 1.2x10° cells per well transfected with 200
ng dual-luciferase reporter and 800 ng R/G gRNA plasmid, using Lipofectamine 3000 in a 1:1.5 ratio. The cells
were harvested 72h post transfection. This was followed by RNA isolation using the Quiagen RNeasy Mini Kit,
DNase-| digestion, RT-PCR, and Sanger sequencing.

As expected, design #5 was ineffective at endogenous ADAR expression levels. The designs #6, #7, and
#8, however, raised the editing yield to levels detectable by Sanger sequencing for the first time. The
conventionally extended design #6 achieved ~13% correction at RNA level, but was again outper-
formed by the RC containing designs #7 and #8, which achieved ~20% and ~24%, respectively. By using

design #8 under harsher transfection settings, up to 40% correction could be achieved (Figure 3-29).
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The antisense part length seems to be a very important factor for the recruitment of endogenous
ADARI1. At the moment, R/G gRNAs with conventionally extended antisense parts (e.g. design #6) are
much easier to engineer, compared to R/G gRNAs containing in-silico-optimized recruitment clusters.
The conventional extension of antisense parts, however, is prone to masking and misfolding. Mean-
while, advanced versions of the RCF should considerably simplify the engineering of RC R/G gRNAs in

the future.

Interestingly, these levels of correction were achieved with plasmid-encoded R/G gRNAs (Figure 3-29).
The experiments in section 3.8 demonstrated that a change from plasmid- to AdV-encoded R/G gRNAs
could increase the editing yield ~35-fold, when recruiting endogenous ADAR1 in Hela cells. An AdV-

encoded design #7 or #8 R/G gRNA might therefore perform even better.

The results in Figure 3-29 marked the last, and also the most profound, breakthrough in this thesis. For
the first time, it was possible to perform efficient site-directed RNA editing using only endogenous

ADAR1 and a genetically-encoded R/G gRNA.
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4. CONCLUSION

As indicated by the growing number of emerging strategies, the progress in the field of site-directed
RNA editing (SDRE) keeps accelerating and the interest for its therapeutic utilization is growing. This
thesis answered fundamental questions crucial to the further development of SDRE into a therapeutic

strategy.

One prerequisite for the intended therapeutic use of SDRE is the ability to edit endogenous mRNAs.
Transfection experiments with R/G gRNAs in doxycycline induced ADAR2 Flp-In T-REx cells demon-
strated for the first time that SDRE in the 3’ UTRs of endogenous mRNAs is possible. Editing was suc-

cessful at yields of 9-38% in 12 out of 13 target sites within six different endogenous mRNAs.

Another fundamental requirement is that mRNA repair can indeed functionally restore a loss-of-func-
tion mutation in a signaling cascade connected to a human disease. A proof-of-principle experiment
with a PINK1 W437X amber loss-of-function mutation in Hela cells showed that SDRE through the R/G
gRNA system could functionally rescue PINK1-Parkin-mediated mitophagy, which is linked to the etiol-

ogy of Parkinson's disease.

As a means to assess the recruitment success of endogenous human ADAR enzymes, a highly sensitive
dual-luciferase SDRE reporter system was established and characterized. It allowed the reliable detec-
tion of editing yields far below the Sanger sequencing detection limit. Screening of human lung, liver,
CNS, and other cell lines for endogenous ADAR expression levels revealed only ADAR1 to be sufficiently
expressed, which made it the prime target for recruitment experiments. The principal recruitability of
ADAR1 by the R/G gRNA system could be demonstrated by using doxycycline-induced ADAR1 Flp-In T-
REx cells and R/G gRNAs of design #3. Switching to an adenovirus vector substantially increased R/G
gRNA expression levels, compared to previous, plasmid-based transfection, and allowed transfer into
a panel of new and hard-to-transfect cell lines. After optimization, the AdV approach produced ~100-
fold higher R/G gRNA expression levels in Hela cells, and similarly high values in A549 (lung), Huh7
(liver) and SK-N-BE (CNS) cells. The AdV-encoded R/G gRNA (design #3) achieved editing yields of up
to 5.3% in the mentioned cell lines, as measured by the highly sensitive dual-luciferase SDRE reporter

system, recruiting only endogenous ADAR1.

Selective knock-down of endogenous ADARs in Hela cells showed that almost exclusively the nuclear
isoform ADAR1 p110 was recruited. Contrarily, the cytosolic ADAR1 p150 was not recruited, despite
gPCR-based localization experiments verifying the co-localisation of AdV-encoded R/G gRNAs in the
cytosol. This suggests that additional, currently unidentified factors affect the selective recruitment of
ADAR enzymes by R/G gRNAs. Based on these results, the further development of novel encodable
R/G gRNA designs was mainly assessed in ADAR1 p110 Flp-In T-REx cells.

109



Chapter 4 Conclusion

Successive rounds of both rational and in-silico design optimization of the R/G gRNA architecture im-
proved the ADAR1-p110-dependent repair of the dual-luciferase reporter by more than two orders of
magnitude at protein level. The encodable R/G gRNA design #8 recruited sufficient endogenous ADAR1
to be detected by Sanger sequencing for the first time, and converted up to 40% of a premature 5’-
UAG stop-codon into a 5’-UIG tryptophancodon, when targeting the dual-luciferase reporter in Hela
cells. Since these yields were achieved with plasmid-encoded R/G gRNAs, an AdV-encoded version can

be expected to produce even higher editing, but is currently not yet available.

A major advantage of the encodable R/G gRNA system is that it no longer requires editase overexpres-
sion, which is an inherent limitation of the engineered editases in other SDRE systems. Follow-up stud-
ies could adapt the established combination of endogenous ADAR1 and AdV-encoded design #8 R/G
gRNAs to edit triplets within 3’ UTRs and ORFs of endogenous mRNAs. First experiments in higher
animals can also be considered at this point. The results discussed herein represent a foundation on

which further development of therapeutic SDRE can be built upon.
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6. APPENDIX

6.1 KEY FUNCTIONS OF THE RECRUITMENT CLUSTER FINDER V1.0.1 PYTHON SOURCE CODE

def findRangeIndices():
blockMin = wBlockSizeMin.get()
blockMax = wBlockSizeMax.get()
hits = VORF.get()
hitssplitted = hits.split(vGuidel.get())

hitsReplaced = re.sub(r'GA', 'bb', hitsSplitted[0], flags=re.I)
hitsReplaced = re.sub(r'[GTC]', 'B', hitsReplaced, flags = re.I)
my Regex = r"B{" + re.escape(blockMin) + =", }"

result = re.finditer(my Regex, hitsReplaced, flags=re.I)
resultList = []
hitsBracket = list(hits)
for x in result:
resultList.insert (0, (x.start(0), x.end(0)))

print ("\nPossible Block Range Indiges of " +str{len{resultlList)) + "
Blocks: \n")
guideIndex =

len(hitssplitted[0])

print("Guide Ssquence at " +str{guideIndex) + ", Distance to next Block: " +
str{guideIndex - resultList[0]1[1]))

print(resultlListToString (resultlList))

return(hits, resultlList, guideIndex)

Function 1: This function searches for G, C, T, GA blocks within the target sequence, which is followed by deter-
mination of start- and end-indices.
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def recombineRllLists(lis):
result = None
for curr in lis:

if(result == None) :

result = [[x] for x in curr]
else:

temp = []

for x in range (0, len(result)):
temp = temp + [result[xz] + [y] for y in curr]
result = temp
return(result)
for currBlock in allBlocksall:

bool = True

bool = (distToGuideSeqg - currBlock[clusterNumber-1][1])>=

distanceMin and (distToGuideSeq - currBlockl[clusterNumber-11[1

1)<= distanceMax

for i in sizeRange:
if (not bool):

break

bool = bool and (currBlock[i+1][0] - currBlock[i][1]) ==
distanceMin and (currBlock[i+1][0]-currBlock[i]l[1])<=
distanceMax

if(bool):
counterDistanceGood += 1
clustStr = "> "
for n in currBlock:

clustStr = clustStr + tupleToStr(n)

file.write{cluststr + "\n" 4+ generateRcRNA(currBlock) +
")
else:
counterDistanceBad += 1
print("Hits:" 4+ str(counterDistanceGood) + " Filtered out: " + str{

counterDistanceBad) )

Function 2: This function recombines the clusters to cluster groups. The cluster groups are then filtered for the
input criteria, cluster size and distance. All groups that fulfill the criteria (hits) are saved into a file that is later
used by ViennaRNA.

def generateRcRNZ(blocks) :
dna = vOptional.get()
for block in blocks:
dna = dna + block[2] + vLinker.get()
dna = dna + vGuide2.get() + vMotif.get()
TcRNAE = Seq.Seq(dna).transcribe() .reverse complement ()
return(str (rcRNR) )

Function 3: This functions converts blocks reverse complementarily
def calcCutput():

startTime = time.time ()
output subprocess.check output (["ViennaRNE Fac

emp/sequences. LxL"1)

root.outputlList = outputToList (output)
printCalculatedoutput ()

print ("Run =: " 4 str(time.time()-startTime))
print { n :-\-:lh =1+ 1 T O TaetraldqIn }

i o .

Function 4: This functions runs ViennaRNA [196] to fold the R/G gRNAs. The results are saved in an output list.
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def printCalculatedoutput() :
outputList = root.outputList
if(len(outputList)>0):
max = min(int(vNumberResults.get()), (len(outputList[0]1)))
order = wvOutputSort.get()
if(order == sMinEnerqgy) :
bestSortedvalues = heapg.nsmallest (max, outputList[4])
bestSortedvalues = list(sorted(set(bestSortedvalues), reverse = False))

else:
if (order == sDotBracket):
bestSortedvalues = heapg.nlargest(max, outputList[5])
bestSortedvalues = list(sorted(set(bestSortedvalues), reverse =
True) )
else:

bestSortedvalues = outputList[5] [:max]
isshowBlocks = (vShowBlocks.get()==1)
listbhox.delete (0, Tk.END)
result = []
for current in bestSortedvValues:

if (order == sMinEnergy) :
indices = [i for i, x in enumerate (outputList[4]) if x == current]
else:
if (order == sDotBracket):
indices = [i for i, x in enumerate(outputlList[5]) if x ==
current]
else:

indices = range (0, max)
for currentMin in indices:
if(max > 0):
stringl = str(outputList[l] [currentMin]) + "'n"
string2 = str(outputList[2] [currentMin]) +
string3 = str(outputList[3] [currentMin]) + "‘n"
if (isshowBlocks) :
seq = outputList[1] [currentMin]
blockIndices = [int (match.group()) for match in re.finditer
("[0-21+", seq)l
orf = vORF.get ()
stringSeqgl = orf[blockIndices[0]: blockIndices[1]]
stringSeqg2 = orf[blockIndices[2]: blockIndices[3]]
stringSeqg3 = orf[blockIndices[4]: blockIndices[5]1]
stringd = " Ene " 4+ str(outputList[4] [currentMin])
Dots/Brackets Ratio: " 4 str(outputList[5] [currentMin]) + "\n"
listbox.insert (Tk.END, stringl)
listbhox.insert (Tk.END, string2)
listbox.insert (Tk.END, string3)
if (isShowBlocks) :
listbhox.insert (Tk.END, stringSeql)
listbhox.insert (Tk.END, stringSeq2)
listbox.insert (Tk.END, stringSeg3)
listbox.insert (Tk.END, stringd)
if (isshowBlocks) :
result.append([stringl, string2, string3, stringsSeaql,
stringSeg2, stringSeqg3, string4dl])
else:
result.append([stringl, string2, string3, stringd])
max -= 1
root.exportResult = result

Y™

+ + + +
3

Function 5: The ViennaRNA results are sorted by the initially chosen criteria (“numerical order”, “dot/bracket
ratio order”, or “minimal energy order”). Then the result table is generated.
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6.2 R/G GRNA SEQUENCES

Table 6-1: R/G gRNA sequences (Plasmids)

Plasmid # Design # Target R/G motif version Sequence of the
(Triplett) Editing position mRNA binding site (5’—=>3’)
Guide length + #RC
RC length [nt]
pTS121 #1 Firefly W417X R/G-V1 GCAGCCAGCCGTCCTT
(5’-UAG) Pos. 6
16 nt / No RC
pTS170 #2 Firefly W417X R/G-V1 GTGCAGCCAGCCGTCC
(5’-UAG) Pos. 8
16 nt / No RC
pTS408 ND B-actin R/G-V1 ACGCAACCAAGTCATA
3’UTR Pos. 8
(5'-UAG#1) 16 nt / No RC
pTS558 #3 Firefly W417X R/G-V20 GTGCAGCCAGCCGTCC
(5’-UAG) Pos. 8
16 nt / No RC
pTS863 #4 Firefly W417X R/G-V20 GTGCAGCCAGCCGTCCTTGT
(5’-UAG) Pos. 8
20 nt / No RC
pTS930 ND Firefly W417X R/G-V20 GCTGTGCAGCCAGCCGTCCGT
(5’-UAG) Pos. 11
21 nt/NoRC
pTS931 ND Firefly W417X R/G-V20 TCGCCGCGGGG-
- (5’-UAG) Pos. 16 CAGCCAGCCGTCCTGGTCGA
31 nt/No RC
pTS932 ND Firefly W417X R/G-V20 CGAGGTCGCCGCGGGG-
(5’-UAG) Pos. 21 CAGCCAGCCGTCCTGGTCGAG-
41 nt/ No RC GAGA
pTS933 ND Firefly W417X R/G-V20 GGAGGCGAGGTCGCCGCGGGG-
(5’-UAG) Pos. 26 CAGCCAGCCGTCCTGGTCGAG-
51 nt/No RC GAGAGCGGT
pTS934 ND Firefly W417X R/G-V20 GCTGTGCAGCCAGCCGTCCGT
- (5’-UAG) Pos. 11 RC#1:GCCACGGACGCACAG
21 nt/ 1x RC
15
pTS935 ND Firefly W417X R/G-V20 GCTGTGCAGCCAGCCGTCCGT
(5’-UAG) Pos. 11 RC#1:GCCACGGACGCACAG
21 nt/2xRC RC#2:CGAAGAAGGGCAC
15:13
pTS936 ND Firefly W417X R/G-V20 GCTGTGCAGCCAGCCGTCCGT
(5’-UAG) Pos. 11 RC#1:GCCACGGACGCACAG
21 nt/3xRC RCH#2:CGAAGAAGGGCAC
15:13:15 RC#3:GAGCGGCGCCCCGCC
pTS946 #6 Firefly W417X R/G-V21 CCCAG-
- (5’-UAG) Pos. 30 TAGGCGATGTCGCCGCTGTG-
40 nt / No RC CAGCCAGCCGTCCTT
pTS961 #7 Firefly W417X R/G-V21 GTGCAGCCAGCCGTCCTTGT
(5’-UAG) Pos. 8 RC#1:CGCACAGCTCG
20 nt /3x RC RC#2:GTCCAAGTCCACC
15:13:11 RC#3:AAGAAGGGCACCACC

[ER
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Plasmid #

pTS962
pTS963
pTS964

Plasmid #
(Shuttle-
vector)

No pTS#
(pAd-Track)

pTS668

(pShuttle)

pTS966

pTS967

pTS970

Table 6-2: R/G gRNA sequences (AdV)

Design #

ND

ND

ND

ND

#5

#8

Design #

#3

Target
(Triplett)

Firefly W417X
(5’-UAG)

Firefly W417X
(5’-UAG)

Firefly W417X
(5’-UAG)

Firefly W417X
(5’-UAG)

Firefly W417X
(5’-UAG)

Firefly W417X
(5’-UAG))

Target
(Triplett)

B-actin
3'UTR
(5’-UAGH#1)
Firefly W417X
(5'-UAG-3')

R/G motif version
Editing position
Guide length + #RC
RC length [nt]

R/G-V21

Pos. 8

20 nt + 3x RC
16:11:12

R/G-V21

Pos. 8

20 nt + 3x RC
16:11:12

R/G-V21

Pos. 8

20 nt + 3x RC
18:18:18

R/G-V21

Pos. 8

20 nt + 3x RC
22:22:22

R/G-V21

Pos. 8

20 nt / No RC
R/G-V21

Pos. 8

20 nt + 8x RC
11:15:15:15:12:15:13
111

R/G motif version
Editing position
Guide length + #RC
RC length [nt]
R/G-V1
Pos. 8
16 nt / No RC

R/G-V20
CCAp8
16 nt / No RC

Sequence of the
mRNA binding site (5’—3)

GTGCAGCCAGCCGTCCTTGT
RC#1:AAGTCCACCACC
RC#2:GCGCCCCGCCG
RC#3:CACGACCCGAAAGCCG
GTGCAGCCAGCCGTCCTTGT
RC#1:CTCCTCCTCGAA
RC#2:CCACAGCCACA
RC#3:CTCCACGTCTCCAGCC
GTGCAGCCAGCCGTCCTTGT
RC#1:GGCCACGGACGCACAGCT
RC#2:TCGAAGAAGGGCACCACC
RC#3:GGGCACCAGCAGGGCAGA
GTGCAGCCAGCCGTCCTTGT
RC#1:AGCCTCGAAGAAGGG-
CACCACC
RC#2:CACGACCCGAAAGCCG-
CAGATC
RC#3:AACAGGGCACCCAACAC-
GGGCA
GTGCAGCCAGCCGTCCTTGT

GTGCAGCCAGCCGTCCTTGT
RC#1:CGCACAGCTCG
RC#2:GTCCAAGTCCACC
RC#3:AAGAAGGGCACCACC
RC#4:CTCCTCCTCGAA
RC#5:GCCGCAGATCAA
RC#6:CGAAGCTCTCG
RC#7:CCACAGCCACACCGA
RC#8:CACACCACGATCCGA

Sequence of the
mRNA binding site (5’—3)

ACGCAACCAAGTCATA

GTGCAGCCAGCCGTCC
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6.3 R/G MOTIF VERSIONS

Table 6-3: R/G motif versions
R/G Motif

Sequence (5'—3’)

Version

GTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCAC
GTGGAAGAGGAGAACAATATGCTAAATGTTGTTCTCGTCTCCCAC
GTGGACGCGGAGACCAATATGCTAAATGTTGGTCTCGGCGCCCAC
GTGGAGCGGCGCGCCGGCGCGCTAAGCGCCGGLCGLCGGLGLLLCAC
GTGGTCGAGAAGAGGAGAACAATATGCTAAATGTTGTTCTCGTCTCCTCGACCAC
GGTGTCGAGGAGACGAGAACAACATTTAGCATATTGTTCTCCTCTTCTCGACACC

6.4 VECTOR SEQUENCES

Table 6-4: Vector sequences

PTS247 (pSilencer R/G gRNA cloning vector)

1 TCGCGCGTTT CGGTGATGAC GGTGAAAACC TCTGACACAT GCAGCTCCCG GAGACGGTCA
61 CAGCTTGTCT GTAAGCGGAT GCCGGGAGCA GACAAGCCCG TCAGGGCGCG TCAGCGGGTG
121 TTGGCGGGTG TCGGGGCTGG CTTAACTATG CGGCATCAGA GCAGATTGTA CTGAGAGTGC
181 ACCATATGCG GTGTGAAATA CCGCACAGAT GCGTAAGGAG AAAATACCGC ATCAGGCGCC
241 ATTCGCCATT CAGGCTGCGC AACTGTTGGG AAGGGCGATC GGTGCGGGCC TCTTCGCTAT
301 TACGCCAGCT GGCGAAAGGG GGATGTGCTG CAAGGCGATT AAGTTGGGTA ACGCCAGGGT
361 TTTCCCAGTC ACGACGTTGT AAAACGACGG CCAGTGCCAA GCTTATCGAC TACGGAAGAC
421 TAGTGGGATA CTATAACAAC ATTTAGCATA TTGTTATACT ATTCCACGGA TCCCGCGTCC
481 TTTCCACAAG ATATATAAAC CCAAGAAATC GAAATACTTT CAAGTTACGG TAAGCATATG
541 ATAGTCCATT TTAAAACATA ATTTTAAAAC TGCAAACTAC CCAAGAAATT ATTACTTTCT
601 ACGTCACGTA TTTTGTACTA ATATCTTTGT GTTTACAGTC AAATTAATTC TAATTATCTC
661 TCTAACAGCC TTGTATCGTA TATGCAAATA TGAAGGAATC ATGGGAAATA GGCCCTCTTC
721 CTGCCCGACC TTGGCGCGCG CTCGGCGCGC GGTCACGCTC CGTCACGTGG TGCGTTTTGC
781 CTGCGCGTCT TTCCACTGGG GAATTCATGC TTCTCCTCCC TTTAGTGAGG GTAATTCTCT
841 CTCTCTCCCT ATAGTGAGTC GTATTAATTC CTTCTCTTCT ATAGTGTCAC CTAAATCGTT
901 GCAATTCGTA ATCATGTCAT AGCTGTTTCC TGTGTGAAAT TGTTATCCGC TCACAATTCC
961 ACACAACATA CGAGCCGGAA GCATAAAGTG TAAAGCCTGG GGTGCCTAAT GAGTGAGCTA
1021 ACTCACATTA ATTGCGTTGC GCTCACTGCC CGCTTTCCAG TCGGGAAACC TGTCGTGCCA
1081 GCTGCATTAA TGAATCGGCC AACGCGCGGG GAGAGGCGGT TTGCGTATTG GGCGCTCTTC
1141 CGCTTCCTCG CTCACTGACT CGCTGCGCTC GGTCGTTCGG CTGCGGCGAG CGGTATCAGC
1201 TCACTCAAAG GCGGTAATAC GGTTATCCAC AGAATCAGGG GATAACGCAG GAAAGAACAT
1261 GTGAGCAAAA GGCCAGCAAA AGGCCAGGAA CCGTAAAAAG GCCGCGTTGC TGGCGTTTTT
1321 CCATAGGCTC CGCCCCCCTG ACGAGCATCA CAAAAATCGA CGCTCAAGTC AGAGGTGGCG
1381 AAACCCGACA GGACTATAAA GATACCAGGC GTTTCCCCCT GGAAGCTCCC TCGTGCGCTC
1441 TCCTGTTCCG ACCCTGCCGC TTACCGGATA CCTGTCCGCC TTTCTCCCTT CGGGAAGCGT
1501 GGCGCTTTCT CATAGCTCAC GCTGTAGGTA TCTCAGTTCG GTGTAGGTCG TTCGCTCCAA
1561 GCTGGGCTGT GTGCACGAAC CCCCCGTTCA GCCCGACCGC TGCGCCTTAT CCGGTAACTA
1621 TCGTCTTGAG TCCAACCCGG TAAGACACGA CTTATCGCCA CTGGCAGCAG CCACTGGTAA
1681 CAGGATTAGC AGAGCGAGGT ATGTAGGCGG TGCTACAGAG TTCTTGAAGT GGTGGCCTAA
1741 CTACGGCTAC ACTAGAAGAA CAGTATTTGG TATCTGCGCT CTGCTGAAGC CAGTTACCTT
1801 CGGAAAAAGA GTTGGTAGCT CTTGATCCGG CAAAAAAACC ACCGCTIGGTA GCGGTGGTTT
1861 TTTTGTTTGC AAGCAGCAGA TTACGCGCAG AAAAAAAGGA TCTCAAGAAG ATCCTTTGAT
1921 CTTTTCTACG GGGTCTGACG CTCAGTGGAA CGAAAACTCA CGTTAAGGGA TTTTGGTCAT
1981 GAGATTATCA AAAAGGATCT TCACCTAGAT CCTTTTAAAT TAAAAATGAA GTTTTAAATC
2041 AATCTAAAGT ATATATGAGT AAACTTGGTC TGACAGTTAC CAATGCTTAA TCAGTGAGGC
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2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861

ACCTATCTCA
GATAACTACG
CCCACGCTCA
CAGAAGTGGT
TAGAGTAAGT
CGTGGTGTCA
GCGAGTTACA
CGTTGTCAGA
TTCTCTTACT
GTCATTCTGA
TAATACCGCG
GCGAAAACTC
ACCCAACTGA
AAGGCAAAAT
CTTCCTTTTIT
GTGAGCGGAT
CTAGAGGTCG
CTAGAATGCA
TAACCATTAT
CCGCGCTGGA
TAGAAGGCGG
GTGCTGGGGC
GCCGCGCTTC
GCGTCGCATC
TAGAGTTGGT
TCCGGATGCC
CAGAAGAAGA
ATGACCGCTG
ACGAGGTGCC
GCGACGGACG
GCAATCGCGC
GGGCCGAACC
ACCGGCTGCA
GCACGGCGGG
GGAATCGGGA
TCGGCGCAGC
CGAGATTCTT
AGAAACTTCT
CCGAAAATGG
CCTCCCCACT
AAAAAAATTA
ATGGGCGGAG
CTTCTGCCTG
ATGCTTTGCA
CATGAGCGGA
ATTTCCCCGA
TAAAAATAGG

GCGATCTGTC
ATACGGGAGG
CCGGCTCCAG
CCTGCAACTT
AGTTCGCCAG
CGCTCGTCGT
TGATCCCCCA
AGTAAGTTGG
GTCATGCCAT
GAATAGTGTA
CCACATAGCA
TCAAGGATCT
TCTTCAGCAT
GCCGCAAAAA
CAATATTCAG
AACAATTTCA
ACGGTATACA
GTGAAAAAAA
AAGCTGCAAT
GGATCATCCA
CGGTGGAATC
GTCGGTTTCC
TGCGGGCGAT
GACCCTGCGC
CAAGACCAAT
TCCGCTCGAA
TGTTGGCGAC
TTATGCGGCC
GGACTTCGGG
CACTGACGGT
ATATGAAATC
CGCTCGTCTG
GAACAGCGGG
AGATGCAATA
GCGCGGCCGA
TATTTACCCG
CGCCCTCCGA
CGACAGACGT
ATATACAAGC
ACTTCTGGAA
GTCAGCCATG
TTAGGGGCGG
CTGGGGAGCC
TACTTCTGCC
TACATATTTG
AAAGTGCCAC
CGTATCACGA

TATTTCGTTC
GCTTACCATC
ATTTATCAGC
TATCCGCCTC
TTAATAGTTT
TTGGTATGGC
TGTTGTGCAA
CCGCAGTGTT
CCGTAAGATG
TGCGGCGACC
GAACTTTAAA
TACCGCTGTT
CTTTTACTTT
AGGGAATAAG
GCTTACCTTT
CACAGGAAAC
GACATGATAA
TGCTTTATTT
AAACAAGTTG
GCCGGCGTCC
GAAATCTCGT
ACTATCGGCG
TTGTGTACGC
CCAAGCTGCA
GCGGAGCATA
GTAGCGCGTC
CTCGTATTGG
ATTGTCCGTC
GCAGTCCTCG
GTCGTCCATC
ACGCCATGTA
GCTAAGATCG
CAGTTCGGTT
GGTCAGGCTC
TGCAAAGTGC
CAGGACATAT
GAGCTGCATC
CGCGGTGAGT
TCCCGGGAGC
TAGCTCAGAG
GGGCGGAGAA
GACTATGGTT
TGGGGACTTT
TGCTGGAATA
AATGTATTTA
CTGACGTCTA
GGCCCTTTCG

ATCCATAGTT
TGGCCCCAGT
AATAAACCAG
CATCCAGTCT
GCGCAACGTT
TTCATTCAGC
AAAAGCGGTT
ATCACTCATG
CTTTTCTGTG
GAGTTGCTCT
AGTGCTCATC
GAGATCCAGT
CACCAGCGTT
GGCGACACGG
ATGCTTCCGG
AGCTATGACC
GATACATTGA
GTGAAATTTG
GGGTGGGCGA
CGGAAAACGA
AGCACGTGCT
AGTACTTICTA
CCGACAGTCC
TCATCGAAAT
TACGCCCGGA
TGCTGCTCCA
GAATCCCCGA
AGGACATTGT
GCCCAAAGCA
ACAGTTTGCC
GTGTATTGAC
GCCGCAGCGA
TCAGGCAGGT
TCGCTGAATT
CGATAAACAT
CCACGCCCTC
AGGTCGGAGA
TCAGGCTTTT
TTTTTGCAAA
GCAGAGGCGG
TGGGCGGAAC
GCTGACTAAT
CCACACCTGG
TTATTGAAGC
GAAAAATAAA
AGAAACCATT
TC

GCCTGACTCC
GCTGCAATGA
CCAGCCGGAA
ATTAATTGTT
GTTGCCATTG
TCCGGTTCCC
AGCTCCTTCG
GTTATGGCAG
ACTGGTGAGT
TGCCCGGCGT
ATTGGAAAAC
TCGATGTAAC
TCTGGGTGAG
AAATGTTGAA
CTCGTATGTT
ATGATTACGC
TGAGTTTGGA
TGATGCTATT
AGAACTCCAG
TTCCGAAGCC
ATTCCTTTGC
CACAGCCATC
CGGCTCCGGA
TGCCGTCAAC
GCCGCGGCGA
TACAAGCCAA
ACATCGCCTC
TGGAGCCGAA
TCAGCTCATC
AGTGATACAC
CGATTCCTTIG
TCGCATCCAT
CTTGCAACGT
CCCCAATGTC
AACGATCTTT
CTACATCGAA
CGCTGTCGAA
TCATCACGTG
AGCCTAGGCC
CCTCGGCCTC
TGGGCGGAGT
TGAGATGCAT
TTGCTAACTA
ATTTATCAGG
CAAATAGGGG
ATTATCATGA

CCGTCGTGTA
TACCGCGAGA
GGGCCGAGCG
GCCGGGAAGC
CTACAGGCAT
AACGATCAAG
GTCCTCCGAT
CACTGCATAA
ACTCAACCAA
CAATACGGGA
GTTCTTCGGG
CCACTCGTGC
CAAAAACAGG
TACTCATACT
GTGTGGAATT
CAAGCTCTAG
CAAACCACAA
GCTTTATTTG
CATGAGATCC
CAACCTTTCA
CCTCGGACGA
GGTCCAGACG
TCGGACGATT
CAAGCTCTGA
TCCTGCAAGC
CCACGGCCTC
GCTCCAGTCA
ATCCGCGTGC
GAGAGCCTGC
ATGGGGATCA
CGGTCCGAAT
GGCCTCCGCG
GACACCCTGT
AAGCACTTCC
GTAGAAACCA
GCTGAAAGCA
CTTTTCGATC
CTGATCAGAT
TCCAAAAAAG
TGCATAAATA
TAGGGGCGGG
GCTTTGCATA
ATTGAGATGC
GTTATTGTCT
TTCCGCGCAC
CATTAACCTA

PTS296 (pEditl.2 containing ADAR2)

1
61
121
181
241
301
361
421
481
541
601
661
721
781

GCTAGCGCGA
AGTAATCAAT
TTACGGTAAA
TGACGTATGT
ATTTACGGTA
CTATTGACGT
GGGACTTTCC
GGTTTTGGCA
TCCACCCCAT
AATGTCGTAA
TCTATATAAG
TTAATACGAC
ATAGAAGATG
GACAACGTGT

TGTACGGGCC
TACGGGGTCA
TGGCCCGCCT
TCCCATAGTA
AACTGCCCAC
CAATGACGGT
TACTTGGCAG
GTACATCAAT
TGACGTCAAT
CAACTCCGCC
CAGAGCTCTC
TCACTATAGG
AAGAAAACAT
CCCCCAAGGA

AGATATACGC
TTAGTTCATA
GGCTGACCGC
ACGCCAATAG
TTGGCAGTAC
AAATGGCCCG
TACATCTACG
GGGCGTGGAT
GGGAGTTTGT
CCATTGACGC
TGGCTAACTA
GAGACCCAAG
GAGTTCCAGC
TGGCAGCACA

GTTGACATTG
GCCCATATAT
CCAACGACCC
GGACTTTCCA
ATCAAGTGTA
CCTGGCATTA
TATTAGTCAT
AGCGGTTTGA
TTTGGCACCA
AAATGGGCGG
GAGAACCCAC
CTTGGTACCG
AGCACTGATG
CCTGGGCCTG

ATTATTGACT
GGAGTTCCGC
CCGCCCATTG
TTGACGTCAA
TCATATGCCA
TGCCCAGTAC
CGCTATTACC
CTCACGGGGA
AAATCAACGG
TAGGCGTGTA
TGCTTACTGG
AGCTCGGATC
TGAAGGAAAA
GCGAGGGCTC

AGTTATTAAT
GTTACATAAC
ACGTCAATAA
TGGGTGGAGT
AGTACGCCCC
ATGACCTTAT
ATGGTGATGC
TTTCCAAGTC
GACTTTCCAA
CGGTGGGAGG
CTTATCGAAA
CACCATGGAT
CCGCAATCTG
TCAGCTCTCC

127
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841

901

961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501

128

AATGGGGGTG
TCCAAGTACC
CTGATGCAGC
CCCGTGCACG
TCTGGTCCCA
GTTCAGTTTC
ACGGACTTCA
CCTGACAAGG
AGCGGGGACC
CCTGCCTTAC
CTGCGCCCAG
TTCGTCATGT
CTTGCCAAGG
CAGACGCCAT
TTAGCTGACG
TCCTCCCCTC
GTTAAAGATG
ATGAGTGATC
TTGCTCAGAT
AGATCCATCT
CATCTGTACA
ATCCTGGAAG
AAAATAGAGT
GACGGGGTGC
TGGAACGTGG
TCGAGCATCA
CGGATCTCCA
GGCATCAGCA
ACGGTAGGCG
CGCGCGTCCC
GTTCCCTCCC
CTGGCGGCAA
GGGCTGGGGG
AGAGGGCCCT
CATTAGGAAT
TGCCTTCCTT
TTGCATCGCA
GCAAGGGGGA
GGTACCCCGC
TGACTAATTT
GGTGGCCGCG
TCGACGCTCA
CCCTGGAAGC
CGCCTTTCTC
TTCGGTGTAG
CCGCTGCGCC
GCCACTGGCA
AGAGTTCTTG
CGCTCTGCTG
AACCACCGCT
AGGATCTCAA
CTCACGTTAA
AAATTAAARA
TTACCAATGC
AGTTGCCTGA
CAGTGCTGCA
CCAGCCAGCC
GTCTATTAAT
CGTTGTTGCC
CAGCTCCGGT
GGTTAGCTCC
CATGGTTATG

GTGGTGGCCC
GCCTGAAGAA
TGAATGAGAT
CGCCTTTGTT
CAAAGAAAAA
CTAATGCCTC
CATCTGACCA
CGGAGCCTCC
TCAGCTTGTC
CACCATTCCC
GACTCAAGTA
CTGTGGTCGT
CCCGGGCTGC
CTCGCCAGCC
CTGTCTCACG
ACGCTCGCAG
CCAAGGTGAT
GTGGCCTTGC
TTCTTTATAC
TTCAGAAATC
TCAGCACCTC
AACCAGCAGA
CTGGTGAGGG
TGCAAGGGGA
TGGGCATCCA
TCCTGGGCAG
ACATAGAGGA
ATGCAGAAGC
ACTCCGCTAT
GCCTGTGTAA
ACTTACTACG
AGGAGTACCA
CCTGGGTGGA
ATTCTATAGT
TCCGACTGTG
GACCCTGGAA
TTGTCTGAGT
GGATTGGGAA
CCATCCCGCC
TTTTTATTTA
TTGCTGGCGT
AGTCAGAGGT
TCCCTCGTGC
CCTTCGGGAA
GTCGTTCGCT
TTATCCGGTA
GCAGCCACTG
AAGTGGTGGC
AAGCCAGTTA
GGTAGCGGTG
GAAGATCCTT
GGGATTTTGG
TGAAGTTTTA
TTAATCAGTG
CTCCCCGTCG
ATGATACCGC
GGAAGGGCCG
TGTTGCCGGG
ATTGCTACAG
TCCCAACGAT
TTCGGTCCTC
GCAGCACTGC

CGGCAGAAAG
AAGGAGGAAA
CAAGCCTGGT
TGTCATGTCT
GGCAAAACTC
TGAGGCCCAC
GGCCGACTTC
CTTTTACGTG
TGCTTCCCCG
ACCCCCGAGT
TGACTTCCTC
GGATGGTCAG
GCAGTCTGCC
TATTCCCAGT
CCTGGTCCTG
AAAAGTGCTG
AAGTGTTTCT
ATTAAATGAC
ACAACTTGAG
AGAGCGAGGG
TCCCTGTGGA
TAGACACCCA
GACGATTCCA
GCGGCTGCTC
GGGTTCCCTG
CCTTTACCAC
CCTGCCACCT
ACGGCAGCCA
TGAGGTCATC
GCACGCGTTG
CTCCAAGATT
GGCCGCCAAG
GAAGCCCACC
GTCACCTAAA
CCTTCTAGTT
GGTGCCACTC
AGGTGTCATT
GACAATAGCA
CCTAACTCCG
TGCAGAGGCC
TTTTCCATAG
GGCGAAACCC
GCTCTCCTGT
GCGTGGCGCT
CCAAGCTGGG
ACTATCGTCT
GTAACAGGAT
CTAACTACGG
CCTTCGGAAA
GTTTTTTTGT
TGATCTTTTC
TCATGAGATT
AATCAATCTA
AGGCACCTAT
TGTAGATAAC
GAGACCCACG
AGCGCAGAAG
AAGCTAGAGT
GCATCGTGGT
CAAGGCGAGT
CGATCGTTGT
ATAATTCTCT

CGGCCCCTGG
ACACCAGGGC
TTGCAGTACA
GTGGAGGTGA
CATGCTGCTG
CTGGCCATGG
CCTGACACGC
GGCTCCAATG
GTGCCTGCCA
GGGAAGAATC
TCCGAGAGCG
TTCTTTGAAG
CTGGCCGCCA
GAGGGTCTCC
GGTAAGTTTG
GCTGGAGTCG
ACAGGAACAA
TGCCATGCAG
CTTTACTTAA
GGGTTTAGGC
GATGCCAGAA
AATCGTAAAG
GTGCGCTCCA
ACCATGTCCT
CTCAGCATTT
GGGGACCACC
CTCTACACCC
GGGAAGGCCC
AACGCCACGA
TACTGTCGCT
ACCAAACCCA
GCGCGTCTGT
GAGCAGGACC
TGCGGGGGAG
GCCAGCCATC
CCACTGTCCT
CTATTCTGGG
GGCATGCTGG
CCCAGTTCCG
GAGGCCGCCT
GCTCCGCCcCC
GACAGGACTA
TCCGACCCTG
TTCTCATAGC
CTGTGTGCAC
TGAGTCCAAC
TAGCAGAGCG
CTACACTAGA
AAGAGTTGGT
TTGCAAGCAG
TACGGGGTCT
ATCAAAAAGG
AAGTATATAT
CTCAGCGATC
TACGATACGG
CTCACCGGCT
TGGTCCTGCA
AAGTAGTTCG
GTCACGCTCG
TACATGATCC
CAGAAGTAAG
TACTGTCATG

AGGAGGGCAG
CCGTCCTCCC
CACTCCTGTC
ATGGCCAGGT
AGAAGGCCTT
GGAGGACCCT
TCTTCAATGG
GGGATGACTC
GCCTAGCCCA
CCGTGATGAT
GGGAGAGCCA
GCTCGGGGAG
TTTTTAACTT
AGCTGCATTT
GTGACCTGAC
TCATGACAAC
AATGTATTAA
AAATAATATC
ATAACAAAGA
TGAAGGAGAA
TCTTCTCACC
CAAGAGGACA
ATGCGAGCAT
GCAGTGACAA
TCGTGGAGCC
TTTCCAGGGC
TCAACAAGCC
CCAACTTCAG
CTGGGAAGGA
GGATGCGTGT
ACGTGTACCA
TCACAGCCTT
AGTTCTCACT
GCTCACATCA
TGTTGTTTGC
TTCCTAATAA
GGGTGGGGTG
GGATGCGGTG
CCCATTCTCC
CTGCCTCTGA
CCTGACGAGC
TAAAGATACC
CCGCTTACCG
TCACGCTGTA
GAACCCCCCG
CCGGTAAGAC
AGGTATGTAG
AGAACAGTAT
AGCTCTTGAT
CAGATTACGC
GACGCTCAGT
ATCTTCACCT
GAGTAAACTT
TGTCTATTTC
GAGGGCTTAC
CCAGATTTAT
ACTTTATCCG
CCAGTTAATA
TCGTTTGGTA
CCCATGTTGT
TTGGCCGCAG
CCATCCGTAA

CAATGGCCAC
CAAGAACGCC
CCAGACTGGG
TTTTGAGGGC
GAGGTCTTTC
GTCTGTCAAC
TTTTGAAACT
CTTCAGTTCC
GCCTCCTCTC
CTTGAACGAA
TGCCAAGAGC
AAACAAGAAA
GCACTTGGAT
ACCGCAGGTT
CGACAACTTC
AGGCACAGAT
TGGTGAATAC
TCGGAGATCC
TGATCAAAAA
TGTCCAGTTT
ACATGAGCCA
GCTACGGACC
CCAAACGTGG
GATTGCACGC
CATTTACTTIC
CATGTACCAG
TTTGCTCAGT
TGTCAACTGG
TGAGCTGGGC
GCACGGCAAG
TGAGTCCAAG
CATCAAGGCG
CACGCCCTCT
TCACCATCAC
CCCTCCCCCG
AATGAGGAAA
GGGCAGGACA
GGCTCTATGG
GCCCCATGGC
GCTATTCACC
ATCACAAAAA
AGGCGTTTCC
GATACCTGTC
GGTATCTCAG
TTCAGCCCGA
ACGACTTATC
GCGGTGCTAC
TTGGTATCTG
CCGGCAAACA
GCAGAAAAAA
GGAACGAAAA
AGATCCTTTT
GGTCTGACAG
GTTCATCCAT
CATCTGGCCC
CAGCAATAAA
CCTCCATCCA
GTTTGCGCAA
TGGCTTCATT
GCAAAAAAGC
TGTTATCACT
GATGCTTTTC
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4561
4621
4681
4741
4801
4861
4921
4981
5041

TGTGACTGGT
CTCTTGCCCG
CATCATTGGA
CAGTTCGATG
CGTTTCTGGG
ACGGAAATGT
TTATTGTCTC
ATCGTTGGTG
TTG

GAGTACTCAA
GCGTCAATAC
AAACGTTCTT
TAACCCACTC
TGAGCAAAAA
TGAATACTCA
ATGAGCGGAT
GTTGATGGAT

CCAAGTCATT
GGGATAATAC
CGGGGCGAAA
GTGCACCCAA
CAGGAAGGCA
TACTCTTCCT
ACATATTTGA
ATCTGACGAA

CTGAGAATAG
CGCGCCACAT
ACTCTCAAGG
CTGATCTTCA
AAATGCCGCA
TTTTCAATAT
ACGGCCGGAT
CATGTGCACA

PTS363 (pEditl.2 containing ADAR2 and 5x

TGTATGCGGC
AGCAGAACTT
ATCTTACCGC
GCATCTTTTA
AAAAAGGGAA
TATTGAAGCA
TTCTTGTCAC
GTGGTACAAG

GACCGAGTTG
TAAAAGTGCT
TGTTGAGATC
CTTTCACCAG
TAAGGGCGAC
TTTATCAGGG
GCTTTGATGC
GTATTCCTGG

PINK1 R/G gRNAs)

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061

GCTAGCGCGA
AGTAATCAAT
TTACGGTAAA
TGACGTATGT
ATTTACGGTA
CTATTGACGT
GGGACTTTCC
GGTTTTGGCA
TCCACCCCAT
AATGTCGTAA
TCTATATAAG
TTAATACGAC
ATAGAAGATG
GACAACGTGT
AATGGGGGTG
TCCAAGTACC
CTGATGCAGC
CCCGTGCACG
TCTGGTCCCA
GTTCAGTTTC
ACGGACTTCA
CCTGACAAGG
AGCGGGGACC
CCTGCCTTAC
CTGCGCCCAG
TTCGTCATGT
CTTGCCAAGG
CAGACGCCAT
TTAGCTGACG
TCCTCCCCTC
GTTAAAGATG
ATGAGTGATC
TTGCTCAGAT
AGATCCATCT
CATCTGTACA
ATCCTGGAAG
AAAATAGAGT
GACGGGGTGC
TGGAACGTGG
TCGAGCATCA
CGGATCTCCA
GGCATCAGCA
ACGGTAGGCG
CGCGCGTCCC
GTTCCCTCCC
CTGGCGGCAA
GGGCTGGGGG
AGAGGGCCCT
CATTAGGAAT
TGCCTTCCTT
TTGCATCGCA
GCAAGGGGGA

TGTACGGGCC
TACGGGGTCA
TGGCCCGCCT
TCCCATAGTA
AACTGCCCAC
CAATGACGGT
TACTTGGCAG
GTACATCAAT
TGACGTCAAT
CAACTCCGCC
CAGAGCTCTC
TCACTATAGG
AAGAAAACAT
CCCCCAAGGA
GTGGTGGCCC
GCCTGAAGAA
TGAATGAGAT
CGCCTTTGTT
CAAAGAAAAA
CTAATGCCTC
CATCTGACCA
CGGAGCCTCC
TCAGCTTGTC
CACCATTCCC
GACTCAAGTA
CTGTGGTCGT
CCCGGGCTGC
CTCGCCAGCC
CTGTCTCACG
ACGCTCGCAG
CCAAGGTGAT
GTGGCCTTGC
TTCTTTATAC
TTCAGAAATC
TCAGCACCTC
AACCAGCAGA
CTGGTGAGGG
TGCAAGGGGA
TGGGCATCCA
TCCTGGGCAG
ACATAGAGGA
ATGCAGAAGC
ACTCCGCTAT
GCCTGTGTAA
ACTTACTACG
AGGAGTACCA
CCTGGGTGGA
ATTCTATAGT
TCCGACTGTG
GACCCTGGAA
TTGTCTGAGT
GGATTGGGAA

AGATATACGC
TTAGTTCATA
GGCTGACCGC
ACGCCAATAG
TTGGCAGTAC
AAATGGCCCG
TACATCTACG
GGGCGTGGAT
GGGAGTTTGT
CCATTGACGC
TGGCTAACTA
GAGACCCAAG
GAGTTCCAGC
TGGCAGCACA
CGGCAGAAAG
AAGGAGGAAA
CAAGCCTGGT
TGTCATGTCT
GGCAAAACTC
TGAGGCCCAC
GGCCGACTTC
CTTTTACGTG
TGCTTCCCCG
ACCCCCGAGT
TGACTTCCTC
GGATGGTCAG
GCAGTCTGCC
TATTCCCAGT
CCTGGTCCTG
AAAAGTGCTG
AAGTGTTTCT
ATTAAATGAC
ACAACTTGAG
AGAGCGAGGG
TCCCTGTGGA
TAGACACCCA
GACGATTCCA
GCGGCTGCTC
GGGTTCCCTG
CCTTTACCAC
CCTGCCACCT
ACGGCAGCCA
TGAGGTCATC
GCACGCGTTG
CTCCAAGATT
GGCCGCCAAG
GAAGCCCACC
GTCACCTAAA
CCTTCTAGTT
GGTGCCACTC
AGGTGTCATT
GACAATAGCA

GTTGACATTG
GCCCATATAT
CCAACGACCC
GGACTTTCCA
ATCAAGTGTA
CCTGGCATTA
TATTAGTCAT
AGCGGTTTGA
TTTGGCACCA
AAATGGGCGG
GAGAACCCAC
CTTGGTACCG
AGCACTGATG
CCTGGGCCTG
CGGCCCCTGG
ACACCAGGGC
TTGCAGTACA
GTGGAGGTGA
CATGCTGCTG
CTGGCCATGG
CCTGACACGC
GGCTCCAATG
GTGCCTGCCA
GGGAAGAATC
TCCGAGAGCG
TTCTTTGAAG
CTGGCCGCCA
GAGGGTCTCC
GGTAAGTTTG
GCTGGAGTCG
ACAGGAACAA
TGCCATGCAG
CTTTACTTAA
GGGTTTAGGC
GATGCCAGAA
AATCGTAAAG
GTGCGCTCCA
ACCATGTCCT
CTCAGCATTT
GGGGACCACC
CTCTACACCC
GGGAAGGCCC
AACGCCACGA
TACTGTCGCT
ACCAAACCCA
GCGCGTCTGT
GAGCAGGACC
TGCGGGGGAG
GCCAGCCATC
CCACTGTCCT
CTATTCTGGG
GGCATGCTGG

ATTATTGACT
GGAGTTCCGC
CCGCCCATTIG
TTGACGTCAA
TCATATGCCA
TGCCCAGTAC
CGCTATTACC
CTCACGGGGA
AAATCAACGG
TAGGCGTGTA
TGCTTACTGG
AGCTCGGATC
TGAAGGAAAA
GCGAGGGCTC
AGGAGGGCAG
CCGTCCTCCC
CACTCCTGTC
ATGGCCAGGT
AGAAGGCCTT
GGAGGACCCT
TCTTCAATGG
GGGATGACTC
GCCTAGCCCA
CCGTGATGAT
GGGAGAGCCA
GCTCGGGGAG
TTTTTAACTT
AGCTGCATTT
GTGACCTGAC
TCATGACAAC
AATGTATTAA
AAATAATATC
ATAACAAAGA
TGAAGGAGAA
TCTTCTCACC
CAAGAGGACA
ATGCGAGCAT
GCAGTGACAA
TCGTGGAGCC
TTTCCAGGGC
TCAACAAGCC
CCAACTTCAG
CTGGGAAGGA
GGATGCGTGT
ACGTGTACCA
TCACAGCCTT
AGTTCTCACT
GCTCACATCA
TGTTGTTTGC
TTCCTAATAA
GGGTGGGGTG
GGATGCGGTG

AGTTATTAAT
GTTACATAAC
ACGTCAATAA
TGGGTGGAGT
AGTACGCCCC
ATGACCTTAT
ATGGTGATGC
TTTCCAAGTC
GACTTTCCAA
CGGTGGGAGG
CTTATCGAAA
CACCATGGAT
CCGCAATCTG
TCAGCTCTCC
CAATGGCCAC
CAAGAACGCC
CCAGACTGGG
TTTTGAGGGC
GAGGTCTTTC
GTCTGTCAAC
TTTTGAAACT
CTTCAGTTCC
GCCTCCTCTC
CTTGAACGAA
TGCCAAGAGC
AAACAAGAAA
GCACTTGGAT
ACCGCAGGTT
CGACAACTTC
AGGCACAGAT
TGGTGAATAC
TCGGAGATCC
TGATCAAAAA
TGTCCAGTTT
ACATGAGCCA
GCTACGGACC
CCAAACGTGG
GATTGCACGC
CATTTACTTC
CATGTACCAG
TTTGCTCAGT
TGTCAACTGG
TGAGCTGGGC
GCACGGCAAG
TGAGTCCAAG
CATCAAGGCG
CACGCCCTCT
TCACCATCAC
CCCTCCCCCG
AATGAGGAAA
GGGCAGGACA
GGCTCTATGG

129
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3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781

130

GGTACCCCGC
TGACTAATTT
GGTGGCCGCG
TCGACGCTCA
CCCTGGAAGC
CGCCTTTCTC
TTCGGTGTAG
CCGCTGCGCC
GCCACTGGCA
AGAGTTCTTG
CGCTCTGCTG
AACCACCGCT
AGGATCTCAA
CTCACGTTAA
AAATTAAARA
TTACCAATGC
AGTTGCCTGA
CAGTGCTGCA
CCAGCCAGCC
GTCTATTAAT
CGTTGTTGCC
CAGCTCCGGT
GGTTAGCTCC
CATGGTTATG
TGTGACTGGT
CTCTTGCCCG
CATCATTGGA
CAGTTCGATG
CGTTTCTGGG
ACGGAAATGT
TTATTGTCTC
ATCGTTGGTG
GGGCCCTGAA
TATTGTTATA
TCGAAATACT
ACTGCAAACT
GTGTTTACAG
TATGAAGGAA
GCGGTCACGC
GTAGGTCACC
GCTCCCAAAA
CAACATTTAG
AAACCCAAGA
CATAATTTTA
ACTAATATCT
CGTATATGCA
CGCGCTCGGC
TGGGACCCTC
GGCCAGTGCC
GGGATACTAT
CACAAGATAT
TCCATTTTAA
CACGTATTTT
ACAGCCTTGT
CCGACCTTGG
GCGTCTTTCC
TGTAAAACGA
TGGGCAGTGG
CGCGTCCTTT
GCATATGATA
ACTTTCTACG
TTATCTCTCT

CCATCCCGCC
TTTTTATTTA
TTGCTGGCGT
AGTCAGAGGT
TCCCTCGTGC
CCTTCGGGAA
GTCGTTCGCT
TTATCCGGTA
GCAGCCACTG
AAGTGGTGGC
AAGCCAGTTA
GGTAGCGGTG
GAAGATCCTT
GGGATTTTGG
TGAAGTTTTA
TTAATCAGTG
CTCCCCGTCG
ATGATACCGC
GGAAGGGCCG
TGTTGCCGGG
ATTGCTACAG
TCCCAACGAT
TTCGGTCCTC
GCAGCACTGC
GAGTACTCAA
GCGTCAATAC
AAACGTTICTT
TAACCCACTC
TGAGCAAAAA
TGAATACTCA
ATGAGCGGAT
GTTGATGGAT
GAGGGCCCTG
CTATTCCACG
TTCAAGTTAC
ACCCAAGAAA
TCAAATTAAT
TCATGGGAAA
TCCGTCACGT
TTTCGGACAC
AAGGGCCCTG
CATATTGTTA
AATCGAAATA
AAACTGCAAA
TTGTGTTTAC
AATATGAAGG
GCGCGGTCAC
ACTCTTTGCC
AAGCTCCCAA
AACAACATTT
ATAAACCCAA
AACATAATTT
GTACTAATAT
ATCGTATATG
CGCGCGCTCG
ACTGGGCCGG
CGGCCAGTGC
TGGGATACTA
CCACAAGATA
GTCCATTTTA
TCACGTATTT
AACAGCCTTG

CCTAACTCCG
TGCAGAGGCC
TTTTCCATAG
GGCGAAACCC
GCTCTCCTGT
GCGTGGCGCT
CCAAGCTGGG
ACTATCGTCT
GTAACAGGAT
CTAACTACGG
CCTTCGGAAA
GTTTTTTTGT
TGATCTTTTC
TCATGAGATT
AATCAATCTA
AGGCACCTAT
TGTAGATAAC
GAGACCCACG
AGCGCAGAAG
AAGCTAGAGT
GCATCGTGGT
CAAGGCGAGT
CGATCGTTGT
ATAATTCTCT
CCAAGTCATT
GGGATAATAC
CGGGGCGAAA
GTGCACCCAA
CAGGAAGGCA
TACTCTTCCT
ACATATTTGA
GACGTTGTAA
ATGCCTGGGC
GATCCCGCGT
GGTAAGCATA
TTATTACTTT
TCTAATTATC
TAGGCCCTCT
GGTGCGTTTT
GGTCTCCCTG
AAGAGGGCCC
TACTATTCCA
CTTTCAAGTT
CTACCCAAGA
AGTCAAATTA
AATCATGGGA
GCTCCGTCAC
CCGCTATACC
AAAAGGGCCC
AGCATATTGT
GAAATCGAAA
TAAAACTGCA
CTTTGTGTTT
CAAATATGAA
GCGCGCGGTC
TACATCTAGT
CAAGCTCCCA
TAACAACATT
TATAAACCCA
AAACATAATT
TGTACTAATA
TATCGTATAT

CCCAGTTCCG
GAGGCCGCCT
GCTCCGCCCC
GACAGGACTA
TCCGACCCTG
TTCTCATAGC
CTGTGTGCAC
TGAGTCCAAC
TAGCAGAGCG
CTACACTAGA
AAGAGTTGGT
TTGCAAGCAG
TACGGGGTCT
ATCAAAAAGG
AAGTATATAT
CTCAGCGATC
TACGATACGG
CTCACCGGCT
TGGTCCTGCA
AAGTAGTTCG
GTCACGCTCG
TACATGATCC
CAGAAGTAAG
TACTGTCATG
CTGAGAATAG
CGCGCCACAT
ACTCTCAAGG
CTGATCTTCA
AAATGCCGCA
TTTTCAATAT
ACGGCCGGAT
AACGACGGCC
AGTGGTGGGA
CCTTTCCACA
TGATAGTCCA
CTACGTCACG
TCTCTAACAG
TCCTGCCCGA
GCCTGCGCGT
GTGACGTTGT
TGATGCCTGG
CGGATCCCGC
ACGGTAAGCA
AATTATTACT
ATTCTAATTA
AATAGGCCCT
GTGGTGCGTT
TACCCACCCT
TGAAGAGGGC
TATACTATTC
TACTTTCAAG
AACTACCCAA
ACAGTCAAAT
GGAATCATGG
ACGCTCCGTC
AAGCAGTGAT
AAAAAGGGCC
TAGCATATTG
AGAAATCGAA
TTAAAACTGC
TCTTTGTGTT
GCAAATATGA

CCCATTCTCC
CTGCCTCTGA
CCTGACGAGC
TAAAGATACC
CCGCTTACCG
TCACGCTGTA
GAACCCCCCG
CCGGTAAGAC
AGGTATGTAG
AGAACAGTAT
AGCTCTTGAT
CAGATTACGC
GACGCTCAGT
ATCTTCACCT
GAGTAAACTT
TGTCTATTTC
GAGGGCTTAC
CCAGATTTAT
ACTTTATCCG
CCAGTTAATA
TCGTTTGGTA
CCCATGTTGT
TTGGCCGCAG
CCATCCGTAA
TGTATGCGGC
AGCAGAACTT
ATCTTACCGC
GCATCTTTTA
AAAAAGGGAA
TATTGAAGCA
TTCTTGTCAC
AGTGCCAAGC
TACTATAACA
AGATATATAA
TTTTAAAACA
TATTTTGTAC
CCTTGTATCG
CCTTGGCGCG
CTTTCCACTG
AAAACGACGG
GCAGTGGTGG
GTCCTTTCCA
TATGATAGTC
TTCTACGTCA
TCTCTCTAAC
CTTCCTGCCC
TTGCCTGCGC
CATAGACGTT
CCTGATGCCT
CACGGATCCC
TTACGGTAAG
GAAATTATTA
TAATTCTAAT
GAAATAGGCC
ACGTGGTGCG
CAGACGGCAG
CTGAAGAGGG
TTATACTATT
ATACTTTCAA
AAACTACCCA
TACAGTCAAA
AGGAATCATG

GCCCCATGGC
GCTATTCACC
ATCACAAAAA
AGGCGTTTCC
GATACCTGTC
GGTATCTCAG
TTCAGCCCGA
ACGACTTATC
GCGGTGCTAC
TTGGTATCTG
CCGGCAAACA
GCAGAAAAAA
GGAACGAAAA
AGATCCTTTT
GGTCTGACAG
GTTCATCCAT
CATCTGGCCC
CAGCAATAAA
CCTCCATCCA
GTTTGCGCAA
TGGCTTCATT
GCAAAAAAGC
TGTTATCACT
GATGCTTTTC
GACCGAGTTG
TAAAAGTGCT
TGTTGAGATC
CTTTCACCAG
TAAGGGCGAC
TTTATCAGGG
GCTTTGATGC
TCCCAAAAAA
ACATTTAGCA
ACCCAAGAAA
TAATTTTAAA
TAATATCTTT
TATATGCAAA
CGCTCGGCGC
GGCATTACCT
CCAGTGCCAA
GATACTATAA
CAAGATATAT
CATTTTAAAA
CGTATTTTGT
AGCCTTGTAT
GACCTTGGCG
GTCTTTCCTIC
GTAAAACGAC
GGGCAGTGGT
GCGTCCTTTC
CATATGATAG
CTTTCTACGT
TATCTCTCTA
CTCTTCCTGC
TTTTGCCTGC
TATGTGGAGT
CCCTGATGCC
CCACGGATCC
GTTACGGTAA
AGAAATTATT
TTAATTCTAA
GGAAATAGGC
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6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441

CCTCTTCCTIG
GTTTTGCCTG
CATAATGGGA
GGGCCCTGAT
ATTCCACGGA
CAAGTTACGG
CCAAGAAATT
AAATTAATTC
ATGGGAAATA
CGTCACGTGG
GTGGTACAAG

CCCGACCTTG
CGCGTCTTTIC
CGTTGTAAAA
GCCTGGGCAG
TCCCGCGTCC
TAAGCATATG
ATTACTTTCT
TAATTATCTC
GGCCCTCTTC
TGCGTTTTGC
GTATTCCTGG

GCGCGCGCTC
CACTGGGTCG
CGACGGCCAG
TGGTGGGATA
TTTCCACAAG
ATAGTCCATT
ACGTCACGTA
TCTAACAGCC
CTGCCCGACC
CTGCGCGTCT
TTG

GGCGCGCGGT
CACTACGGAA
TGCCAAGCTC
CTATAACAAC
ATATATAAAC
TTAAAACATA
TTTTGTACTA
TTGTATCGTA
TTGGCGCGCG
TTCCACTGGG

CACGCTCCGT
TATATTTGCG
CCAAAAAAGG
ATTTAGCATA
CCAAGAAATC
ATTTTAAAAC
ATATCTTTGT
TATGCAAATA
CTCGGCGCGC
ATCTGACGAA

CACGTGGTGC
CTACTGCCTG
GCCCTGAAGA
TTGTTATACT
GAAATACTTT
TGCAAACTAC
GTTTACAGTC
TGAAGGAATC
GGTCACGCTC
CATGTGCACA

pTS554 (pShuttle-CMV containing dual-luciferase wt/wt)

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941

NNNTTAATTA
TGAGGGGGTG
TGTGGCGGAA
AAGTGACGTT
GGCGGATGTT
ACTGAATAAG
ATAGTAATCA
ACTTACGGTA
AATGACGTAT
GTATTTACGG
CCCTATTGAC
ATGGGACTTT
GCGGTTTTGG
TCTCCACCCC
AAAATGTCGT
GGTCTATATA
CGACGCGGCC
AGAACAAAGG
TGTTCTTGAT
TTTTTTACAT
GCCAGTAGCG
TAATGGTTCT
TAATTTACCA
TTATAGCTAT
TGTGATTGAA
TGAAGAAGGA
AAAAATCATG
GAAAGGTGAA
TGGTAAACCT
TGATTTACCA
AGGTGCCAAG
AGAAGATGCA
AAATGAACAA
GGAGAACCCT
CCCACTCGAA
GGTGCCCGGC
GTACTTCGAG
CCATCGGATC
CCTGTTCATC
GAACAGCATG
GATCCTCAAC
GACCGACTAC
CTTCAACGAG
CATGAACAGT
TTGTGTCCGA
CGCTATCCTC
CTTGATCTGC
CAGCTTGCAA
CGCTAAGAGC
CGGGGCGCCG

ANNNTCCCTT
GAGTTTGTGA
GTGTGATGTT
TTTGGTGTGC
GTAGTAAATT
AGGAAGTGAA
ATTACGGGGT
AATGGCCCGC
GTTCCCATAG
TAAACTGCCC
GTCAATGACG
CCTACTTGGC
CAGTACATCA
ATTGACGTCA
AACAACTCCG
AGCAGAGCTG
GCTCGAGCCT
AAACGGATGA
TCATTTATTA
GGTAACGCGG
CGGTGTATTA
TATAGGTTAC
AAGAAGATCA
GAGCATCAAG
TCATGGGATG
GAAAAAATGG
AGAAAGTTAG
GTTCGTCGTIC
GACGTTGTAC
AAAATGTTTA
AAGTTTCCTA
CCTGATGAAA
GGAAGCGGAG
GGACCTATGG
GACGGGACCG
ACCATCGCCT
ATGAGCGTTC
GTGGTGTGCA
GGTGTGGCTG
GGCATCAGCC
GTGCAAAAGA
CAGGGCTTCC
TACGACTTCG
AGTGGCAGTA
TTCAGTCATG
AGCGTGGTGC
GGCTTTCGGG
GACTATAAGA
ACTCTCATCG
CTCAGCAAGG

CCAGCTCTCT
CGTGGCGCGG
GCAAGTGTGG
GCCGGTGTAC
TGGGCGTAAC
ATCTGAATAA
CATTAGTTCA
CTGGCTGACC
TAACGCCAAT
ACTTGGCAGT
GTAAATGGCC
AGTACATCTA
ATGGGCGTGG
ATGGGAGTTT
CCCCATTGAC
GTTTAGTGAA
AAGCTTCTAG
TAACTGGTCC
ATTATTATGA
CCTCTTICTTA
TACCAGACCT
TTGATCATTA
TTTTTGTCGG
ATAAGATCAA
AATGGCCTGA
TTTTGGAGAA
AACCAGAAGA
CAACATTATC
AAATTGTTAG
TTGAATCGGA
ATACTGAATT
TGGGAAAATA
CTACTAACTT
AAGATGCCAA
CCGGCGAGCA
TTACCGACGC
GGCTGGCAGA
GCGAGAATAG
TGGCCCCAGC
AGCCCACCGT
AGCTACCGAT
AAAGCATGTA
TGCCCGAGAG
CCGGATTGCC
CCCGCGACCC
CATTTCACCA
TCGTGCTCAT
TTCAATCTGC
ACAAGTACGA
AGGTAGGTGA

GCCCCTTTTG
GGCGTGGGAA
CGGAACACAT
ACAGGAAGTG
CGAGTAAGAT
TTTTGTGTTA
TAGCCCATAT
GCCCAACGAC
AGGGACTTTC
ACATCAAGTG
CGCCTGGCAT
CGTATTAGTC
ATAGCGGTTT
GTTTTGGCAC
GCAAATGGGC
CCGTCAGATC
ATAAGATATG
GCAGTGGTGG
TTCAGAAAAA
TTTATGGCGA
TATTGGTATG
CAAATATCTT
CCATGATTGG
AGCAATAGTT
TATTGAAGAA
TAACTTCTTC
ATTTGCAGCA
ATGGCCTCGT
GAATTATAAT
CCCAGGATTC
TGTCAAAGTA
TATCAAATCG
CAGCCTGCTG
AAACATTAAG
GCTGCACAAA
ACATATCGAG
AGCTATGAAG
CTTGCAGTTC
TAACGACATC
CGTATTCGTG
CATACAAAAG
CACCTTCGTG
CTTCGACCGG
CAAGGGCGTA
CATCTTCGGC
CGGCTTCGGC
GTACCGCTTC
CCTGCTGGTG
CCTAAGCAAC
GGCCGTGGCC

GATTGAAGCC
CGGGGCGGGT
GTAAGCGACG
ACAATTTTCG
TTGGCCATTT
CTCATAGCGC
ATGGAGTTCC
CCCCGCCCAT
CATTGACGTC
TATCATATGC
TATGCCCAGT
ATCGCTATTA
GACTCACGGG
CAAAATCAAC
GGTAGGCGTG
CGCTAGAGAT
ACTTCGAAAG
GCCAGATGTA
CATGCAGAAA
CATGTTGTGC
GGCAAATCAG
ACTGCATGGT
GGTGCTTGTT
CACGCTGAAA
GATATTGCGT
GTGGAAACCA
TATCTTGAAC
GAAATCCCGT
GCTTATCTAC
TTTTCCAATG
AAAGGTCTTC
TTCGTTGAGC
AAGCAGGCTG
AAGGGCCCAG
GCCATGAAGC
GTGGACATTA
CGCTATGGGC
TTCATGCCCG
TACAACGAGC
AGCAAGAAAG
ATCATCATCA
ACTTCCCATT
GACAAAACCA
GCCCTACCGC
AACCAGATCA
ATGTTCACCA
GAGGAGGAGC
CCCACACTAT
TTGCACGAGA
AAACGCTTCC

AATATGATAA
GACGTAGTAG
GATGTGGCAA
CGCGGTTTTA
TCGCGGGAAA
GTAANNNNTA
GCGTTACATA
TGACGTCAAT
AATGGGTGGA
CAAGTACGCC
ACATGACCTT
CCATGGTGAT
GATTTCCAAG
GGGACTTTCC
TACGGTGGGA
CTGGTACCGT
TTTATGATCC
AACAAATGAA
ATGCTGTTAT
CACATATTGA
GCAAATCTGG
TTGAACTTCT
TGGCATTTCA
GTGTAGTAGA
TGATCAAATC
TGTTGCCATC
CATTCAAAGA
TAGTAAAAGG
GTGCAAGTGA
CTATTGTTGA
ATTTTTCGCA
GAGTTCTCAA
GAGACGTGGA
CGCCATTCTA
GCTACGCCCT
CCTACGCCGA
TGAATACAAA
TGTTGGGTGC
GCGAGCTGCT
GGCTGCAAAA
TGGATAGCAA
TGCCACCCGG
TCGCCCTGAT
ACCGCACCGC
TCCCCGACAC
CGCTGGGCTA
TATTCTTGCG
TTAGCTTCTT
TCGCCAGCGG
ACCTACCAGG

131
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3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661

132

CATCCGCCAG
GGACGACAAG
CTTGGACACC
CATGATCATG
CGGCTGGCTG
GGACCGGCTG
GAGCATCCTG
CGATGCCGGC
GAAGGAGATC
TGTTGTGTTC
CCGCGAGATT
ATCCACCGGA
TGCTTTAAAA
TGTTGTTAAC
TTTCACAAAT
TGTATCTTAA
TTGTATCTGT
TGTGAGCTCA
GGGCTCCAGC
GACCGTGTCT
CACCGCCCGC
TTCCCGTTCA
GACCCGGGAA
CCTGAAGGCT
TTGGATTTGG
GGCCCGGGAC
AAGGTGACTC
CCACTGCAGA
CTGGGCGTGG
GGTGTAAGTG
CATCTTGGAC
GTTGTGCAGA
AGAAGGAAAT
TTCGTCCATA
ATCACTAACG
CGGGCGGAGG
CTCACAGATT
GGCGATGAAG
GAGCAGCTGC
CTGGTAGTTA
CATGTCCCTG
CGATAGCAGT
CATGCTTTTG
TACGGCATCT
GGCAGTAGTC
CTCGTCAGCG
GTGCGCTTGA
GCCAGGTAGC
CGCAGCTTGC
AGCTTGGGCG
ACGGTCTCGC
CCCCCATGCT
GTGACGAAAA
TAAAATGCAA
CGTAGTCATG
CCATTTTTCT
AAACATTTAA
ACGGACTACG
CACCGACAGC
TTGATTCATC
GGCGTAGAGA
ACACATAAAC

GGCTACGGCC
CCTGGCGCAG
GGTAAGACAC
AGCGGCTACG
CACAGCGGCG
AAGAGCCTGA
CTGCAACACC
GAGCTGCCCG
GTGGACTATG
GTGGACGAGG
CTCATTAAGG
TCTAGATAAC
AACCTCCCAC
TTGTTTATTG
AAAGCATTTT
CGCNNNNTAA
TTTGCAGCAG
TATTTGACAA
ATTGATGGTC
GGAACGCCGT
GGGATTGTGA
TCCGCCCGCG
CTTAATGTCG
TCCTCCCCTC
ATCAAGCAAG
CAGCGGTCTC
TGGATGTTCA
GCTTCATGCT
TGCCTAAAAA
TTTACAAAGC
TGTATTTTTA
ACCACCAGCA
GCGTGGAAGA
ATGATGGCAA
TCATAGTTGT
GTGCCAGACT
TGCATTTCCC
AAAACGGTTT
GACTTACCGC
AGAGAGCTGC
ACTCGCATGT
TCTTGCAAGG
AGCGTTTGAC
CGATCCAGCA
GGTGCTCGTC
TAGTCTGGGT
GGCTGGTCCT
ATTTGACCAT
CCTTGGAGGA
CGAGAAATAC
ATTCCACGAG
TTTTGATGCG
GGCTGTCCGT
GGTGCTGCTC
CTCATGCAGA
CTCAAACATG
ACATTAGAAG
GCCATGCCGG
TCCTCGGTCA
GGTCAGTGCT
CAACATTACA
ACCTGAAAAA

TGACAGAAAC
TAGGCAAGGT
TGGGTGTGAA
TTAACAACCC
ACATCGCCTA
TCAAATACAA
CCAACATCTT
CCGCAGTCGT
TGGCCAGCCA
TGCCTAAAGG
CCAAGAAGGG
TGATCATAAT
ACCTCCCCCT
CAGCTTATAA
TTTCACTGCA
GGGTGGGAAA
CCGCCGCeae
CGCGCATGCC
GCCCCGTCCT
TGGAGACTGC
CTGACTTTGC
ATGACAAGTT
TTTCTCAGCA
CCAATGCGGT
TGTCTTGCTG
GGTCGTTGAG
GATACATGGG
GCGGGGTGGT
TGTCTTTCAG
GGTTAAGCTG
GGTTGGCTAT
CAGTGTATCC
ACTTGGAGAC
TGGGCCCACG
GTTCCAGGAT
GCGGTATAAT
ACGCTTTGAG
CCGGGGTAGG
AGCCGGTGGG
AGCTGCCGTC
TTTCCCTGAC
AAGCAAAGTT
CAAGCAGTTC
TATCTCCTCG
CAGACGGGCC
CACGGTGAAG
GCTGGTGCTG
GGTGTCATAG
GGCGCCGCAC
CGATTCCGGG
CCAGGTGAGC
TTTCTTACCT
GTCCCCGTAT
AAAAAATCAG
TAAAGGCAGG
TCTGCGGGTT
CCTGTCTTAC
CGTGACCGTA
TGTCCGGAGT
AAAAAGCGAC
GCCCCCATAG
CCCTCCTGCC

AACCAGCGCC
GGTGCCCTTC
CCAGCGCGGC
CGAGGCTACA
CTGGGACGAG
GGGCTACCAG
CGACGCCGGG
CGTGCTGGAA
GGTCACAACC
ACTGACCGGC
CGGCAAGATC
CAGCCATACC
GAACCTGAAA
TGGTTACAAA
TTCTAGTTGT
GAATATATAA
CATGAGCACC
CCCATGGGCC
GCCCGCAAAC
AGCCTCCGCC
TTTCCTGAGC
GACGGCTCTT
GCTGTTGGAT
TTAAAACATA
TCTTTATTTA
GGTCCTGTGT
CATAAGCCCG
GTTGTAGATG
TAGCAAGCTG
GGATGGGTGC
GTTCCCAGCC
GGTGCACTTG
GCCCTTGTGA
GGCGGCGGCC
GAGATCGTCA
GGTTCCATCC
TTCAGATGGG
GGAGATCAGC
CCCGTAAATC
ATCCCTGAGC
CAAATCCGCC
TTTCAACGGT
CAGGCGGTCC
TTTCGCGGGT
AGGGTCATGT
GGGTGCGCTC
AAGCGCTGCC
TCCAGCCCCT
GAGGGGCAGT
GAGTAGGCAT
TCTGGCCGTT
CTGGTTTCCA
ACAGACTNNN
GCAAAGCCTC
TAAGCTCCGG
TCTGCATAAA
AACAGGAAAA
AAAAAACTGG
CATAATGTAA
CGAAATAGCC
GAGGTATAAC
TAGGCAAAAT

ATTCTGATCA
TTCGAGGCTA
GAGCTGTGCG
AACGCTCTCA
GACGAGCACT
GTAGCCCCAG
GTCGCCGGCC
CACGGTAAAA
GCCAAGAAGC
AAGTTGGACG
GCCGTGTAAG
ACATTTGTAG
CATAAAATGA
TAAAGCAATA
GGTTTGTCCA
GGTGGGGGTC
AACTCGTTTG
GGGGTGCGTC
TCTACTACCT
GCCGCTTCAG
CCGCTTGCAA
TTGGCACAAT
CTGCGCCAGC
AATAAAAAAC
GGGGTTTTGC
ATTTTTTCCA
TCTCTGGGGT
ATCCAGTCGT
ATTGCCAGGG
ATACGTGGGG
ATATCCCTCC
GGAAATTTGT
CCTCCAAGAT
TGGGCGAAGA
TAGGCCATTT
GGCCCAGGGG
GGGATCATGT
TGGGAAGAAA
ACACCTATTA
AGGGGGGCCA
AGAAGGCGCT
TTGAGACCGT
CACAGCTCGG
TGGGGCGGCT
CTTTCCACGG
CGGGCTGCGC
GGTCTTCGCC
CCGCGGCGTG
GCAGACTTTT
CCGCGCCGCA
CGGGGTCAAA
TGAGCCGGTG
GTTTAAACGA
GCGCAAAAAA
AACCACCACA
CACAAAATAA
ACAACCCTTA
TCACCGTGAT
GACTCGGTAA
CGGGGGAATA
AAAATTAATA
AGCACCCTCC

CCCCCGAAGG
AGGTGGTGGA
TCCGTGGCCC
TCGACAAGGA
TCTTCATCGT
CCGAACTGGA
TGCCCGACGA
CCATGACCGA
TGCGCGGTGG
CCCGCAAGAT
AATTCATCCG
AGGTTTTACT
ATGCAATTGT
GCATCACAAA
AACTCATCAA
TTATGTAGTT
ATGGAAGCAT
AGAATGTGAT
TGACCTACGA
CCGCTGCAGC
GCAGTGCAGC
TGGATTCTTT
AGGTTTCTGC
CAGACTCTGT
GCGCGCGGTA
GGACGTGGTA
GGAGGTAGCA
AGCAGGAGCG
GCAGGCCCTT
ATATGAGATG
GGGGATTCAT
CATGTAGCTT
TTTCCATGCA
TATTTCTGGG
TTACAAAGCG
CGTAGTTACC
CTACCTGCGG
GCAGGTTCCT
CCGGGTGCAA
CTTCGTTAAG
CGCCGCCCAG
CCGCCGTAGG
TCACCTGCTC
TTCGCTGTAC
GCGCAGGGTC
GCTGGCCAGG
CTGCGCGTCG
GCCCTTGGCG
GAGGGCGTAG
GGCCCCGCAG
AACCAGGTTT
TCCACGCTCG
ATTCNNNATA
GAAAGCACAT
GAAAAAGACA
AATAACAAAA
TAAGCATAAG
TAAAAAGCAC
ACACATCAGG
CATACCCGCA
GGAGAGAAAA
CGCTCCAGAA
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6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921
7981
8041
8101
8161
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601
9661
9721
9781
9841
9901
9961
10021

CAACATACAG
CTATTAAAAA
CCAAGTGCAG
AAACACCCAG
CTTCCTCAAA
ACAATTCCCA
ACGCCCCGCG
TAAGGTATAT
ATGCGTAAGG
GCGCTCGGTC
ATCCACAGAA
CAGGAACCGT
GCATCACAAA
CCAGGCGTTT
CGGATACCTG
TAGGTATCTC
CGTTCAGCCC
ACACGACTTA
AGGCGGTGCT
ATTTGGTATC
ATCCGGCAAA
GCGCAGAAAA
GTGGAACGAA
CTAGATCCTT
TTGGTCTGAC
TCGTTCATCC
ACCATCTGGC
ATCAGCAATA
CGCCTCCATC
TAGTTTGCGC
AGCCAGTCCG
AAGGGAAAAC
GCTAGACTGG
TGGTAAGGTT
ATGGCGCAGG
ACAAGATGGA
CTGGGCACAA
GCGCCCGGTT
GGCAGCGCGG
TGTCACTGAA
GTCATCTCAC
GCATACGCTT
AGCACGTACT
GGGGCTCGCG
TCTCGTCGTG
TTCTGGATTC
GGCTACCCGT
TTACGGTATC
CTTCTGAATT
TCGGCAACAT
TTTGGAACAA
TCTATCAGGG
GGTGCCGTAA
GAAAGCCGGC
CGCTGGCAAG
GNNNNNNNNN

CGCTTCACAG
AACACCACTC
AGCGAGTATA
AAAACCGCAC
TCGTCACTTC
ACACATACAA
CCACGTCACA
TATTGATGAT
AGAAAATACC
GTTCGGCTGC
TCAGGGGATA
AAAAAGGCCG
AATCGACGCT
CCCCCTGGAA
TCCGCCTTTC
AGTTCGGTGT
GACCGCTGCG
TCGCCACTGG
ACAGAGTTCT
TGCGCTCTGC
CAAACCACCG
AAAGGATCTC
AACTCACGTT
TTAAATTAAA
AGTTACCAAT
ATAGTTGCCT
CCCAGTGCTG
AACCAGCCAG
CAGTCTATTA
AACGTTGTTG
CAGAAACGGT
GCAAGCGCAA
GCGGTTTTAT
GGGAAGCCCT
GGATCAAGCT
TTGCACGCAG
CAGACAATCG
CTTTTTGTCA
CTATCGTGGC
GCGGGAAGGG
CTTGCTCCTG
GATCCGGCTA
CGGATGGAAG
CCAGCCGAAC
ACCCATGGCG
ATCGACTGTG
GATATTGCTG
GCCGCTCCCG
TTGTTAAAAT
CCCTTATAAA
GAGTCCACTA
CGATGGCCCA
AGCTCTAAAT
GAACGTGGCG
TGTAGCGGTC
NNNNNNNNNN

CGGCAGCCTA
GACACGGCAC
TATAGGACTA
GCGAACCTAC
CGTTTTCCCA
GTTACTCCGC
AACTCCACCC
NNNTTAATTA
GCATCAGGCG
GGCGAGCGGT
ACGCAGGAAA
CGTTGCTGGC
CAAGTCAGAG
GCTCCCTCGT
TCCCTTCGGG
AGGTCGTTCG
CCTTATCCGG
CAGCAGCCAC
TGAAGTGGTG
TGAAGCCAGT
CTGGTAGCGG
AAGAAGATCC
AAGGGATTTT
AATGAAGTTT
GCTTAATCAG
GACTCCCCGT
CAATGATACC
CCGGAAGGGC
ATTGTTGCCG
NNNNAAAAAG
GCTGACCCCG
AGAGAAAGCA
GGACAGCAAG
GCAAAGTAAA
CTGATCAAGA
GTTCTCCGGC
GCTGCTCTGA
AGACCGACCT
TGGCCACGAC
ACTGGCTGCT
CCGAGAAAGT
CCTGCCCATT
CCGGTCTTGT
TGTTCGCCAG
ATGCCTGCTT
GCCGGCTGGG
AAGAGCTTGG
ATTCGCAGCG
TTTTGTTAAA
TCAAAAGAAT
TTAAAGAACG
CTACGTGAAC
CGGAACCCTA
AGAAAGGAAG
ACGCTGCGCG
NN

ACAGTCAGCC
CAGCTCAATC
AAAAATGACG
GCCCAGAAAC
CGTTACGTAA
CCTAAAACCT
CCTCATTATC
AGGATCCNNN
CTCTTCCGCT
ATCAGCTCAC
GAACATGTGA
GTTTTTCCAT
GTGGCGAAAC
GCGCTCTCCT
AAGCGTGGCG
CTCCAAGCTG
TAACTATCGT
TGGTAACAGG
GCCTAACTAC
TACCTTCGGA
TGGTTTTTTT
TTTGATCTTT
GGTCATGAGA
TAAATCAATC
TGAGGCACCT
CGTGTAGATA
GCGAGACCCA
CGAGCGCAGA
GGAAGCTAGA
GATCTTCACC
GATGAATGTC
GGTAGCTTGC
CGAACCGGAA
CTGGATGGCT
GACAGGATGA
CGCTTGGGTG
TGCCGCCGTG
GTCCGGTGCC
GGGCGTTCCT
ATTGGGCGAA
ATCCATCATG
CGACCACCAA
CGATCAGGAT
GCTCAAGGCG
GCCGAATATC
TGTGGCGGAC
CGGCGAATGG
CATCGCCTTC
TCAGCTCATT
AGACCGCGAT
TGGACTCCAA
CATCACCCAA
AAGGGAGCCC
GGAAGAAAGC
TAACCACCAC

TTACCAGTAA
AGTCACAGTG
TAACGGTTAA
GAAAGCCAAA
CTTCCCATTT
ACGTCACCCG
ATATTGGCTT
CGGTGTGAAA
TCCTCGCTCA
TCAAAGGCGG
GCAAAAGGCC
AGGCTCCGCC
CCGACAGGAC
GTTCCGACCC
CTTTCTCATA
GGCTGTGTGC
CTTGAGTCCA
ATTAGCAGAG
GGCTACACTA
AAAAGAGTTG
GTTTGCAAGC
TCTACGGGGT
TTATCAAAAA
TAAAGTATAT
ATCTCAGCGA
ACTACGATAC
CGCTCACCGG
AGTGGTCCTG
GTAAGTAGTT
TAGATCCTTT
AGCTACTGGG
AGTGGGCTTA
TTGCCAGCTG
TTCTCGCCGC
GGATCGTTTC
GAGAGGCTAT
TTCCGGCTGT
CTGAATGAAC
TGCGCAGCTG
GTGCCGGGGC
GCTGATGCAA
GCGAAACATC
GATCTGGACG
AGCATGCCCG
ATGGTGGAAA
CGCTATCAGG
GCTGACCGCT
TATCGCCTTC
TTTTAACCAA
AGGGTTGAGT
CGTCAAAGGG
ATCAAGTTTT
CCGATTTAGA
GAAAGGAGCG
ACCCGCGCGC

AAAAGAAAAC
TAAAAAAGGG
AGTCCACAAA
AAACCCACAA
TAAGAAAACT
CCCCGTTCCC
CAATCCAAAA
TACCGCACAG
CTGACTCGCT
TAATACGGTT
AGCAAAAGGC
CCCCTGACGA
TATAAAGATA
TGCCGCTTAC
GCTCACGCTG
ACGAACCCCC
ACCCGGTAAG
CGAGGTATGT
GAAGGACAGT
GTAGCTCTTG
AGCAGATTAC
CTGACGCTCA
GGATCTTCAC
ATGAGTAAAC
TCTGTCTATT
GGGAGGGCTT
CTCCAGATTT
CAACTTTATC
CGCCAGTTAA
TCACGTAGAA
CTATCTGGAC
CATGGCGATA
GGGCGCCCTC
CAAGGATCTG
GCATGATTGA
TCGGCTATGA
CAGCGCAGGG
TGCAAGACGA
TGCTCGACGT
AGGATCTCCT
TGCGGCGGCT
GCATCGAGCG
AAGAGCATCA
ACGGCGAGGA
ATGGCCGCTT
ACATAGCGTT
TCCTCGTGCT
TTGACGAGTT
TAGGCCGAAA
GTTGTTCCAG
CGAAAAACCG
TTGCGGTCGA
GCTTGACGGG
GGCGCTAGGG
TTAATGCGCC

PTS555 (pShuttle—-CMV containing dual-luciferase wt/amb)

1
61
121
181
241

NNNTTAATTA
TGAGGGGGTG
TGTGGCGGAA
AAGTGACGTT
GGCGGATGTT

ANNNTCCCTT
GAGTTTGTGA
GTGTGATGTT
TTTGGTGTGC
GTAGTAAATT

CCAGCTCTCT
CGTGGCGCGG
GCAAGTGTGG
GCCGGTGTAC
TGGGCGTAAC

GCCCCTTTTIG
GGCGTGGGAA
CGGAACACAT
ACAGGAAGTG
CGAGTAAGAT

GATTGAAGCC
CGGGGCGGGT
GTAAGCGACG
ACAATTTTCG
TTGGCCATTT

AATATGATAA
GACGTAGTAG
GATGTGGCAA
CGCGGTTTTA
TCGCGGGAAA
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301

361

421

481

541

601

661

721

781

841

901

961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
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ACTGAATAAG
ATAGTAATCA
ACTTACGGTA
AATGACGTAT
GTATTTACGG
CCCTATTGAC
ATGGGACTTT
GCGGTTTTGG
TCTCCACCCC
AAAATGTCGT
GGTCTATATA
CGACGCGGCC
AGAACAAAGG
TGTTCTTGAT
TTTTTTACAT
GCCAGTAGCG
TAATGGTTCT
TAATTTACCA
TTATAGCTAT
TGTGATTGAA
TGAAGAAGGA
AAAAATCATG
GAAAGGTGAA
TGGTAAACCT
TGATTTACCA
AGGTGCCAAG
AGAAGATGCA
AAATGAACAA
GGAGAACCCT
CCCACTCGAA
GGTGCCCGGC
GTACTTCGAG
CCATCGGATC
CCTGTTCATC
GAACAGCATG
GATCCTCAAC
GACCGACTAC
CTTCAACGAG
CATGAACAGT
TTGTGTCCGA
CGCTATCCTC
CTTGATCTGC
CAGCTTGCAA
CGCTAAGAGC
CGGGGCGCCG
CATCCGCCAG
GGACGACAAG
CTTGGACACC
CATGATCATG
CGGCTAGCTG
GGACCGGCTG
GAGCATCCTG
CGATGCCGGC
GAAGGAGATC
TGTTGTGTTC
CCGCGAGATT
ATCCACCGGA
TGCTTTAAAA
TGTTGTTAAC
TTTCACAAAT
TGTATCTTAA
TTGTATCTGT

AGGAAGTGAA
ATTACGGGGT
AATGGCCCGC
GTTCCCATAG
TAAACTGCCC
GTCAATGACG
CCTACTTGGC
CAGTACATCA
ATTGACGTCA
AACAACTCCG
AGCAGAGCTG
GCTCGAGCCT
AAACGGATGA
TCATTTATTA
GGTAACGCGG
CGGTGTATTA
TATAGGTTAC
AAGAAGATCA
GAGCATCAAG
TCATGGGATG
GAAAAAATGG
AGAAAGTTAG
GTTCGTCGTC
GACGTTGTAC
AAAATGTTTA
AAGTTTCCTA
CCTGATGAAA
GGAAGCGGAG
GGACCTATGG
GACGGGACCG
ACCATCGCCT
ATGAGCGTTC
GTGGTGTGCA
GGTGTGGCTG
GGCATCAGCC
GTGCAAAAGA
CAGGGCTTCC
TACGACTTCG
AGTGGCAGTA
TTCAGTCATG
AGCGTGGTGC
GGCTTTCGGG
GACTATAAGA
ACTCTCATCG
CTCAGCAAGG
GGCTACGGCC
CCTGGCGCAG
GGTAAGACAC
AGCGGCTACG
CACAGCGGCG
AAGAGCCTGA
CTGCAACACC
GAGCTGCCCG
GTGGACTATG
GTGGACGAGG
CTCATTAAGG
TCTAGATAAC
AACCTCCCAC
TTGTTTATTG
AAAGCATTTT
CGCNNNNTAA
TTTGCAGCAG

ATCTGAATAA
CATTAGTTCA
CTGGCTGACC
TAACGCCAAT
ACTTGGCAGT
GTAAATGGCC
AGTACATCTA
ATGGGCGTGG
ATGGGAGTTT
CCCCATTGAC
GTTTAGTGAA
AAGCTTCTAG
TAACTGGTCC
ATTATTATGA
CCTCTTICTTA
TACCAGACCT
TTGATCATTA
TTTTTGTCGG
ATAAGATCAA
AATGGCCTGA
TTTTGGAGAA
AACCAGAAGA
CAACATTATC
AAATTGTTAG
TTGAATCGGA
ATACTGAATT
TGGGAAAATA
CTACTAACTT
AAGATGCCAA
CCGGCGAGCA
TTACCGACGC
GGCTGGCAGA
GCGAGAATAG
TGGCCCCAGC
AGCCCACCGT
AGCTACCGAT
AAAGCATGTA
TGCCCGAGAG
CCGGATTGCC
CCCGCGACCC
CATTTCACCA
TCGTGCTCAT
TTCAATCTGC
ACAAGTACGA
AGGTAGGTGA
TGACAGAAAC
TAGGCAAGGT
TGGGTGTGAA
TTAACAACCC
ACATCGCCTA
TCAAATACAA
CCAACATCTT
CCGCAGTCGT
TGGCCAGCCA
TGCCTAAAGG
CCAAGAAGGG
TGATCATAAT
ACCTCCCCCT
CAGCTTATAA
TTTCACTGCA
GGGTGGGAAA
CCGCCGCeae

TTTTGTGTTA
TAGCCCATAT
GCCCAACGAC
AGGGACTTTC
ACATCAAGTG
CGCCTGGCAT
CGTATTAGTC
ATAGCGGTTT
GTTTTGGCAC
GCAAATGGGC
CCGTCAGATC
ATAAGATATG
GCAGTGGTGG
TTCAGAAAAA
TTTATGGCGA
TATTGGTATG
CAAATATCTT
CCATGATTGG
AGCAATAGTT
TATTGAAGAA
TAACTTCTTC
ATTTGCAGCA
ATGGCCTCGT
GAATTATAAT
CCCAGGATTC
TGTCAAAGTA
TATCAAATCG
CAGCCTGCTG
AAACATTAAG
GCTGCACAAA
ACATATCGAG
AGCTATGAAG
CTTGCAGTTC
TAACGACATC
CGTATTCGTG
CATACAAAAG
CACCTTCGTG
CTTCGACCGG
CAAGGGCGTA
CATCTTCGGC
CGGCTTCGGC
GTACCGCTTC
CCTGCTGGTG
CCTAAGCAAC
GGCCGTGGCC
AACCAGCGCC
GGTGCCCTTC
CCAGCGCGGC
CGAGGCTACA
CTGGGACGAG
GGGCTACCAG
CGACGCCGGG
CGTGCTGGAA
GGTCACAACC
ACTGACCGGC
CGGCAAGATC
CAGCCATACC
GAACCTGAAA
TGGTTACAAA
TTCTAGTTGT
GAATATATAA
CATGAGCACC

CTCATAGCGC
ATGGAGTTCC
CCCCGCCCAT
CATTGACGTC
TATCATATGC
TATGCCCAGT
ATCGCTATTA
GACTCACGGG
CAAAATCAAC
GGTAGGCGTG
CGCTAGAGAT
ACTTCGAAAG
GCCAGATGTA
CATGCAGAAA
CATGTTGTGC
GGCAAATCAG
ACTGCATGGT
GGTGCTTGTT
CACGCTGAAA
GATATTGCGT
GTGGAAACCA
TATCTTGAAC
GAAATCCCGT
GCTTATCTAC
TTTTCCAATG
AAAGGTCTTC
TTCGTTGAGC
AAGCAGGCTG
AAGGGCCCAG
GCCATGAAGC
GTGGACATTA
CGCTATGGGC
TTCATGCCCG
TACAACGAGC
AGCAAGAAAG
ATCATCATCA
ACTTCCCATT
GACAAAACCA
GCCCTACCGC
AACCAGATCA
ATGTTCACCA
GAGGAGGAGC
CCCACACTAT
TTGCACGAGA
AAACGCTTCC
ATTCTGATCA
TTCGAGGCTA
GAGCTGTGCG
AACGCTCTCA
GACGAGCACT
GTAGCCCCAG
GTCGCCGGCC
CACGGTAAAA
GCCAAGAAGC
AAGTTGGACG
GCCGTGTAAG
ACATTTGTAG
CATAAAATGA
TAAAGCAATA
GGTTTGTCCA
GGTGGGGGTC
AACTCGTTTG

GTAANNNNTA
GCGTTACATA
TGACGTCAAT
AATGGGTGGA
CAAGTACGCC
ACATGACCTT
CCATGGTGAT
GATTTCCAAG
GGGACTTTCC
TACGGTGGGA
CTGGTACCGT
TTTATGATCC
AACAAATGAA
ATGCTGTTAT
CACATATTGA
GCAAATCTGG
TTGAACTTCT
TGGCATTTCA
GTGTAGTAGA
TGATCAAATC
TGTTGCCATC
CATTCAAAGA
TAGTAAAAGG
GTGCAAGTGA
CTATTGTTGA
ATTTTTCGCA
GAGTTCTCAA
GAGACGTGGA
CGCCATTCTA
GCTACGCCCT
CCTACGCCGA
TGAATACAAA
TGTTGGGTGC
GCGAGCTGCT
GGCTGCAAAA
TGGATAGCAA
TGCCACCCGG
TCGCCCTGAT
ACCGCACCGC
TCCCCGACAC
CGCTGGGCTA
TATTCTTGCG
TTAGCTTCTT
TCGCCAGCGG
ACCTACCAGG
CCCCCGAAGG
AGGTGGTGGA
TCCGTGGCCC
TCGACAAGGA
TCTTCATCGT
CCGAACTGGA
TGCCCGACGA
CCATGACCGA
TGCGCGGTGG
CCCGCAAGAT
AATTCATCCG
AGGTTTTACT
ATGCAATTGT
GCATCACAAA
AACTCATCAA
TTATGTAGTT
ATGGAAGCAT
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4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681

TGTGAGCTCA
GGGCTCCAGC
GACCGTGTCT
CACCGCCCGC
TTCCCGTTCA
GACCCGGGAA
CCTGAAGGCT
TTGGATTTGG
GGCCCGGGAC
AAGGTGACTC
CCACTGCAGA
CTGGGCGTGG
GGTGTAAGTG
CATCTTGGAC
GTTGTGCAGA
AGAAGGAAAT
TTCGTCCATA
ATCACTAACG
CGGGCGGAGG
CTCACAGATT
GGCGATGAAG
GAGCAGCTGC
CTGGTAGTTA
CATGTCCCTG
CGATAGCAGT
CATGCTTTTG
TACGGCATCT
GGCAGTAGTC
CTCGTCAGCG
GTGCGCTTGA
GCCAGGTAGC
CGCAGCTTGC
AGCTTGGGCG
ACGGTCTCGC
CCCCCATGCT
GTGACGAAAA
TAAAATGCAA
CGTAGTCATG
CCATTTTTCT
AAACATTTAA
ACGGACTACG
CACCGACAGC
TTGATTCATC
GGCGTAGAGA
ACACATAAAC
CAACATACAG
CTATTAAAAA
CCAAGTGCAG
AAACACCCAG
CTTCCTCAAA
ACAATTCCCA
ACGCCCCGCG
TAAGGTATAT
ATGCGTAAGG
GCGCTCGGTC
ATCCACAGAA
CAGGAACCGT
GCATCACAAA
CCAGGCGTTT
CGGATACCTG
TAGGTATCTC
CGTTCAGCCC

TATTTGACAA
ATTGATGGTC
GGAACGCCGT
GGGATTGTGA
TCCGCCCGCG
CTTAATGTCG
TCCTCCCCTC
ATCAAGCAAG
CAGCGGTCTC
TGGATGTTCA
GCTTCATGCT
TGCCTAAAAA
TTTACAAAGC
TGTATTTTTA
ACCACCAGCA
GCGTGGAAGA
ATGATGGCAA
TCATAGTTGT
GTGCCAGACT
TGCATTTCCC
AAAACGGTTT
GACTTACCGC
AGAGAGCTGC
ACTCGCATGT
TCTTGCAAGG
AGCGTTTGAC
CGATCCAGCA
GGTGCTCGTC
TAGTCTGGGT
GGCTGGTCCT
ATTTGACCAT
CCTTGGAGGA
CGAGAAATAC
ATTCCACGAG
TTTTGATGCG
GGCTGTCCGT
GGTGCTGCTC
CTCATGCAGA
CTCAAACATG
ACATTAGAAG
GCCATGCCGG
TCCTCGGTCA
GGTCAGTGCT
CAACATTACA
ACCTGAAAAA
CGCTTCACAG
AACACCACTC
AGCGAGTATA
AAAACCGCAC
TCGTCACTTC
ACACATACAA
CCACGTCACA
TATTGATGAT
AGAAAATACC
GTTCGGCTGC
TCAGGGGATA
AAAAAGGCCG
AATCGACGCT
CCCCCTGGAA
TCCGCCTTTC
AGTTCGGTGT
GACCGCTGCG

CGCGCATGCC
GCCCCGTCCT
TGGAGACTGC
CTGACTTTGC
ATGACAAGTT
TTTCTCAGCA
CCAATGCGGT
TGTCTTGCTG
GGTCGTTGAG
GATACATGGG
GCGGGGTGGT
TGTCTTTCAG
GGTTAAGCTG
GGTTGGCTAT
CAGTGTATCC
ACTTGGAGAC
TGGGCCCACG
GTTCCAGGAT
GCGGTATAAT
ACGCTTTGAG
CCGGGGTAGG
AGCCGGTGGG
AGCTGCCGTC
TTTCCCTGAC
AAGCAAAGTT
CAAGCAGTTC
TATCTCCTCG
CAGACGGGCC
CACGGTGAAG
GCTGGTGCTG
GGTGTCATAG
GGCGCCGCAC
CGATTCCGGG
CCAGGTGAGC
TTTCTTACCT
GTCCCCGTAT
AAAAAATCAG
TAAAGGCAGG
TCTGCGGGTT
CCTGTCTTAC
CGTGACCGTA
TGTCCGGAGT
AAAAAGCGAC
GCCCCCATAG
CCCTCCTGCC
CGGCAGCCTA
GACACGGCAC
TATAGGACTA
GCGAACCTAC
CGTTTTCCCA
GTTACTCCGC
AACTCCACCC
NNNTTAATTA
GCATCAGGCG
GGCGAGCGGT
ACGCAGGAAA
CGTTGCTGGC
CAAGTCAGAG
GCTCCCTCGT
TCCCTTCGGG
AGGTCGTTCG
CCTTATCCGG

CCCATGGGCC
GCCCGCAAAC
AGCCTCCGCC
TTTCCTGAGC
GACGGCTCTT
GCTGTTGGAT
TTAAAACATA
TCTTTATTTA
GGTCCTGTGT
CATAAGCCCG
GTTGTAGATG
TAGCAAGCTG
GGATGGGTGC
GTTCCCAGCC
GGTGCACTTG
GCCCTTGTGA
GGCGGCGGCC
GAGATCGTCA
GGTTCCATCC
TTCAGATGGG
GGAGATCAGC
CCCGTAAATC
ATCCCTGAGC
CAAATCCGCC
TTTCAACGGT
CAGGCGGTCC
TTTCGCGGGT
AGGGTCATGT
GGGTGCGCTC
AAGCGCTGCC
TCCAGCCCCT
GAGGGGCAGT
GAGTAGGCAT
TCTGGCCGTT
CTGGTTTCCA
ACAGACTNNN
GCAAAGCCTC
TAAGCTCCGG
TCTGCATAAA
AACAGGAAAA
AAAAAACTGG
CATAATGTAA
CGAAATAGCC
GAGGTATAAC
TAGGCAAAAT
ACAGTCAGCC
CAGCTCAATC
AAAAATGACG
GCCCAGAAAC
CGTTACGTAA
CCTAAAACCT
CCTCATTATC
AGGATCCNNN
CTCTTCCGCT
ATCAGCTCAC
GAACATGTGA
GTTTTTCCAT
GTGGCGAAAC
GCGCTCTCCT
AAGCGTGGCG
CTCCAAGCTG
TAACTATCGT

GGGGTGCGTC
TCTACTACCT
GCCGCTTCAG
CCGCTTGCAA
TTGGCACAAT
CTGCGCCAGC
AATAAAAAAC
GGGGTTTTGC
ATTTTTTCCA
TCTCTGGGGT
ATCCAGTCGT
ATTGCCAGGG
ATACGTGGGG
ATATCCCTCC
GGAAATTTGT
CCTCCAAGAT
TGGGCGAAGA
TAGGCCATTT
GGCCCAGGGG
GGGATCATGT
TGGGAAGAAA
ACACCTATTA
AGGGGGGCCA
AGAAGGCGCT
TTGAGACCGT
CACAGCTCGG
TGGGGCGGCT
CTTTCCACGG
CGGGCTGCGC
GGTCTTCGCC
CCGCGGCGTG
GCAGACTTTT
CCGCGCCGCA
CGGGGTCAAA
TGAGCCGGTG
GTTTAAACGA
GCGCAAAAAA
AACCACCACA
CACAAAATAA
ACAACCCTTA
TCACCGTGAT
GACTCGGTAA
CGGGGGAATA
AAAATTAATA
AGCACCCTCC
TTACCAGTAA
AGTCACAGTG
TAACGGTTAA
GAAAGCCAAA
CTTCCCATTT
ACGTCACCCG
ATATTGGCTT
CGGTGTGAAA
TCCTCGCTCA
TCAAAGGCGG
GCAAAAGGCC
AGGCTCCGCC
CCGACAGGAC
GTTCCGACCC
CTTTCTCATA
GGCTGTGTGC
CTTGAGTCCA

AGAATGTGAT
TGACCTACGA
CCGCTGCAGC
GCAGTGCAGC
TGGATTCTTT
AGGTTTCTGC
CAGACTCTGT
GCGCGCGGTA
GGACGTGGTA
GGAGGTAGCA
AGCAGGAGCG
GCAGGCCCTT
ATATGAGATG
GGGGATTCAT
CATGTAGCTT
TTTCCATGCA
TATTTCTGGG
TTACAAAGCG
CGTAGTTACC
CTACCTGCGG
GCAGGTTCCT
CCGGGTGCAA
CTTCGTTAAG
CGCCGCCCAG
CCGCCGTAGG
TCACCTGCTC
TTCGCTGTAC
GCGCAGGGTC
GCTGGCCAGG
CTGCGCGTCG
GCCCTTGGCG
GAGGGCGTAG
GGCCCCGCAG
AACCAGGTTT
TCCACGCTCG
ATTCNNNATA
GAAAGCACAT
GAAAAAGACA
AATAACAAAA
TAAGCATAAG
TAAAAAGCAC
ACACATCAGG
CATACCCGCA
GGAGAGAAAA
CGCTCCAGAA
AAAAGAAAAC
TAAAAAAGGG
AGTCCACAAA
AAACCCACAA
TAAGAAAACT
CCCCGTTCCC
CAATCCAAAA
TACCGCACAG
CTGACTCGCT
TAATACGGTT
AGCAAAAGGC
CCCCTGACGA
TATAAAGATA
TGCCGCTTAC
GCTCACGCTG
ACGAACCCCC
ACCCGGTAAG
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7741
7801
7861
7921
7981
8041
8101
8161
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601
9661
9721
9781
9841
9901
9961
10021
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ACACGACTTA
AGGCGGTGCT
ATTTGGTATC
ATCCGGCAAA
GCGCAGAAAA
GTGGAACGAA
CTAGATCCTT
TTGGTCTGAC
TCGTTCATCC
ACCATCTGGC
ATCAGCAATA
CGCCTCCATC
TAGTTTGCGC
AGCCAGTCCG
AAGGGAAAAC
GCTAGACTGG
TGGTAAGGTT
ATGGCGCAGG
ACAAGATGGA
CTGGGCACAA
GCGCCCGGTT
GGCAGCGCGG
TGTCACTGAA
GTCATCTCAC
GCATACGCTT
AGCACGTACT
GGGGCTCGCG
TCTCGTCGTG
TTCTGGATTC
GGCTACCCGT
TTACGGTATC
CTTCTGAATT
TCGGCAACAT
TTTGGAACAA
TCTATCAGGG
GGTGCCGTAA
GAAAGCCGGC
CGCTGGCAAG
GNNNNNNNNN

TCGCCACTGG
ACAGAGTTCT
TGCGCTCTGC
CAAACCACCG
AAAGGATCTC
AACTCACGTT
TTAAATTAAA
AGTTACCAAT
ATAGTTGCCT
CCCAGTGCTG
AACCAGCCAG
CAGTCTATTA
AACGTTGTTG
CAGAAACGGT
GCAAGCGCAA
GCGGTTTTAT
GGGAAGCCCT
GGATCAAGCT
TTGCACGCAG
CAGACAATCG
CTTTTTGTCA
CTATCGTGGC
GCGGGAAGGG
CTTGCTCCTG
GATCCGGCTA
CGGATGGAAG
CCAGCCGAAC
ACCCATGGCG
ATCGACTGTG
GATATTGCTG
GCCGCTCCCG
TTGTTAAAAT
CCCTTATAAA
GAGTCCACTA
CGATGGCCCA
AGCTCTAAAT
GAACGTGGCG
TGTAGCGGTC
NNNNNNNNNN

CAGCAGCCAC
TGAAGTGGTG
TGAAGCCAGT
CTGGTAGCGG
AAGAAGATCC
AAGGGATTTT
AATGAAGTTT
GCTTAATCAG
GACTCCCCGT
CAATGATACC
CCGGAAGGGC
ATTGTTGCCG
NNNNAAAAAG
GCTGACCCCG
AGAGAAAGCA
GGACAGCAAG
GCAAAGTAAA
CTGATCAAGA
GTTCTCCGGC
GCTGCTCTGA
AGACCGACCT
TGGCCACGAC
ACTGGCTGCT
CCGAGAAAGT
CCTGCCCATT
CCGGTCTTGT
TGTTCGCCAG
ATGCCTGCTT
GCCGGCTGGG
AAGAGCTTGG
ATTCGCAGCG
TTTTGTTAAA
TCAAAAGAAT
TTAAAGAACG
CTACGTGAAC
CGGAACCCTA
AGAAAGGAAG
ACGCTGCGCG
NN

TGGTAACAGG
GCCTAACTAC
TACCTTCGGA
TGGTTTTTTT
TTTGATCTTT
GGTCATGAGA
TAAATCAATC
TGAGGCACCT
CGTGTAGATA
GCGAGACCCA
CGAGCGCAGA
GGAAGCTAGA
GATCTTCACC
GATGAATGTC
GGTAGCTTGC
CGAACCGGAA
CTGGATGGCT
GACAGGATGA
CGCTTGGGTG
TGCCGCCGTG
GTCCGGTGCC
GGGCGTTCCT
ATTGGGCGAA
ATCCATCATG
CGACCACCAA
CGATCAGGAT
GCTCAAGGCG
GCCGAATATC
TGTGGCGGAC
CGGCGAATGG
CATCGCCTTIC
TCAGCTCATT
AGACCGCGAT
TGGACTCCAA
CATCACCCAA
AAGGGAGCCC
GGAAGAAAGC
TAACCACCAC

ATTAGCAGAG
GGCTACACTA
AAAAGAGTTG
GTTTGCAAGC
TCTACGGGGT
TTATCAAAAA
TAAAGTATAT
ATCTCAGCGA
ACTACGATAC
CGCTCACCGG
AGTGGTCCTG
GTAAGTAGTT
TAGATCCTTT
AGCTACTGGG
AGTGGGCTTA
TTGCCAGCTG
TTCTCGCCGC
GGATCGTTTC
GAGAGGCTAT
TTCCGGCTGT
CTGAATGAAC
TGCGCAGCTG
GTGCCGGGGC
GCTGATGCAA
GCGAAACATC
GATCTGGACG
AGCATGCCCG
ATGGTGGAAA
CGCTATCAGG
GCTGACCGCT
TATCGCCTTC
TTTTAACCAA
AGGGTTGAGT
CGTCAAAGGG
ATCAAGTTTT
CCGATTTAGA
GAAAGGAGCG
ACCCGCGCGC

CGAGGTATGT
GAAGGACAGT
GTAGCTCTTG
AGCAGATTAC
CTGACGCTCA
GGATCTTCAC
ATGAGTAAAC
TCTGTCTATT
GGGAGGGCTT
CTCCAGATTT
CAACTTTATC
CGCCAGTTAA
TCACGTAGAA
CTATCTGGAC
CATGGCGATA
GGGCGCCCTC
CAAGGATCTG
GCATGATTGA
TCGGCTATGA
CAGCGCAGGG
TGCAAGACGA
TGCTCGACGT
AGGATCTCCT
TGCGGCGGCT
GCATCGAGCG
AAGAGCATCA
ACGGCGAGGA
ATGGCCGCTT
ACATAGCGTT
TCCTCGTGCT
TTGACGAGTT
TAGGCCGAAA
GTTGTTCCAG
CGAAAAACCG
TTGCGGTCGA
GCTTGACGGG
GGCGCTAGGG
TTAATGCGCC
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ABSTRACT

mRNA is an attractive drug target for therapeutic interventions. In this review we highlight the current
state, clinical trials, and developments in antisense therapy, including the classical approaches like
RNaseH-dependent oligomers, splice-switching oligomers, aptamers, and therapeutic RNA interference.
Furthermore, we provide an overview on emerging concepts for using RNA in therapeutic settings
including protein replacement by in-vitro-transcribed mRNAs, mRNA as vaccines and anti-allergic drugs.
Finally, we give a brief outlook on early-stage RNA repair approaches that apply endogenous or
engineered proteins in combination with short RNAs or chemically stabilized oligomers for the re-
programming of point mutations, RNA modifications, and frame shift mutations directly on the
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Introduction

During the last 15 y the diverse roles of RNA in regular but also
pathological cellular processes became increasingly clear. RNA
is not only a short-lived messenger and part of the translational
machinery but RNA contributes significantly to the regulation
and diversification of the genetic information. There is now
increasing insight into the mechanistic role of defective RNA
processing, including (alternative) splicing, modification, trans-
lation, and decay for the etiology of various diseases.'* How-
ever, not only mis-regulation and defective processing cause
disease, but even RNA species themselves can initiate disease
processes independent of their protein-coding function. Nucle-
otide repeat diseases are typical examples.” To employ this new
mechanistic knowledge and to translate it into therapy requires
drugs that reliably target nucleic acids in a sequence-specific
manner. However, there are only few small molecule drugs that
target nucleic acids and those are limited in their capacity of
sequence addressing. In contrast, oligonucleotide analogs pro-
vide a basis for the rational design of highly sequence-specific
drugs to target virtually any cellular nucleic acid in a specific
manner.® Classical drugs like small molecules target enzymes
and receptors to block or alter their specific functions. In con-
trast, the interference at the nucleic acid level would allow to
manipulate the transcriptome and the proteome itself. This is

not limited to the simple up- or down-regulation of target gene
expression. Most appealing is the possibility of actively creating
new transcript and protein isoforms with altered properties
and functions, for instance by re-programming a protein-cod-
ing stretch, or by altering splice sites, modification patterns,
polyadenylation states, miRNA binding sites, etc.” Affecting the
cell by targeting its nucleic acids clearly enlarges the scope of
currently available therapeutic interventions including the
causal treatment of some genetic diseases.

However, already short oligonucleotides have unfavorable
pharmacological properties. They are hydrophilic, polyanionic
macromolecules that can hardly overcome cellular membranes,
are unstable against RNases, and suffer from rapid renal clear-
ance.® This leads to short half-life and low bioavailability. Fur-
thermore, adverse toxic effects may appear that include
immune-reactions and off-target binding to non-targeted cellu-
lar nucleic acids. Together, oligonucleotide drugs are often
characterized by low efficacy and high toxicity which strongly
limits their clinical application.® During the last decades,
medicinal chemists have put enormous effort into the develop-
ment of new chemistries that improve lifetime, delivery,
potency, and efficacy of the drugs while reducing their toxicity
and immunogenicity. These new chemistries are now
approaching clinical trials and will hopefully pave the way for
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the broad clinical application of oligonucleotide drugs. An
overview on recent developments in oligonucleotide medicinal
chemistry can be found elsewhere.®”

In principle, interference with the genetic information could
be achieved permanently at the DNA- or transiently at the
RNA-level. In this review we will focus on the RNA-level. Even
though novel approaches for genome engineering are currently
keenly explored,” we believe that it would be foolish to care-
lessly discard the RNA alternative. With respect to ethical
issues and safety aspects, the transient and thus reversible
nature of RNA manipulation could turn out as a blessing in dis-
guise. Both, the therapeutic effects and the potential adverse
effects, are likely to be tunable. Furthermore, manipulations are
conceivable that are inaccessible or difficult to realize on the
genome level per se. This includes amino acid changes or tran-
script level changes that would kill a cell if they are permanently
enforced. Potentially lethal interventions on kinases, apoptosis

Mechanisms of action
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factors, transcription or translation factors could be realized on
the RNA-level suddenly, transiently or partially to obtain a
therapeutic effect, for instance. Manipulation at the RNA-level
might also be much more efficient compared to HDR-depen-
dent genomic knock-in, which remained persistently inefficient
in vivo, in particular in postmitotic tissues like the brain.” For
many genetic diseases, which are caused by loss-of-function
mutations, a patient would benefit more from a drug that can
restore a small fraction (like 5%) of functional gene product in
a large fraction of a the tissue than from a drug that can restore
full gene function (100%) but only in a small fraction of the tis-
sue. A typical example is cystic fibrosis."

In this review we will first update on recent developments in
the classical approaches, like RNaseH-dependent decay, chemi-
cally stabilized oligonucleotides that target mRNAs to induce
splice-switching, aptamers, and the knock-down via RNAi
(Fig. 1). After painful years of repeated relapse one seems to
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Figure 1. Chemically stabilized, short oligonucleotides can employ various mechanisms for their therapeutic effects ranging from blocking ligand — receptor binding, RNA
degradation via RISC or RNaseH(1) recruitment, and alteration of splicing. The classical modes of action are shown on the left panel, a small section of typically used chem-

ical backbone modifications are depicted on the right.



have learned the lessons and have now substantially improved
the effectiveness of such drugs. For instance, in 2015 therapeu-
tic RNAi was demonstrated in a relevant monkey model by
subcutaneous administration of a chemically stabilized siRNA
that partially knocks down antithrombin in the monkeys
liver."" The problem of delivery and toxicity seems to be solved,
at least for simple oligonucleotide drugs and for some organs,
and allows therapeutic intervention with an affordable amount
of the drug under compliant administration routes. Conse-
quently, the number of promising clinical phase II and III stud-
ies has increased during the last few years (see Table 1).

Every new discovery in RNA function and regulation offers a
starting point to develop novel therapies. After its discovery in
1998 we now find numerous drug candidates in clinical studies
that apply the RNAi mechanism (Table 1)."* In the second part
of this review we highlight emerging concepts that are still in the
pre-clinical or very early clinical exploration stage but that have
the potential to become medicines of the future. This includes
therapeutic mRNAs, mRNAs as vaccine, and RNA repair
approaches. The latter apply endogenous or engineered enzymes
to repair, re-program, or modify a target RNA at a specific site
in order to provoke a therapeutically relevant effect (Fig. 2).

Update on established approaches
RNaseH-dependent antisense oligonucleotides

Oligonucleotides working through an RNaseH-dependent
cleavage mechanism are the oldest class of antisense oligonu-
cleotides (ASO). They are extensively explored and represent
the largest class of nucleic acid analog drugs in clinical trials.
RNaseH-dependent ASOs are short DNA oligomers targeting
mRNA. Once the DNA-oligo/mRNA heteroduplex is formed,
human RNaseH1 binds to it and catalyzes RNA cleavage under
release of the intact DNA oligomer."?

Medicinal chemists have undertaken great efforts to
improve ASO design regarding nuclease resistance, circulation
half-life, target affinity (potency), and tissue specificity. The
first ASOs tested in clinical trials, also referred to as 1% genera-
tion ASOs, have been modified by oxygen-to-sulfur substitu-
tions in the phosphate backbone. ASOs with such a
phosphothioate (PS) backbone show enhanced nuclease resis-
tance and prolonged plasma half-life due to non-specific bind-
ing to plasma proteins preventing them from rapid renal
filtration. However, numerous toxicities were also associated
with that type of modification.® In 1998, fomivirsen was the
first FDA-approved ASO and was applied for the treatment of
human cytomegalovirus-induced retinitis in HIV patients.'*"°
Marketed as Vitravene, the 21 nt PS-oligonucleotide was
administered by intravitreal injection to target the immediate
early region 2 of the viral mRNA. Since the approval of fomi-
virsen, several ASOs belonging to the 1% generation are under
clinical review. For instance, targeting the mRNA of intercellu-
lar adhesion molecule 1 and the insulin receptor substrate 1 are
advanced in the treatment of pouchitis'”'® and vascular disor-
ders in the eye,'*? respectively. The RNaseH-mediated degra-
dation of Akt-1 mRNA to impede tumor proliferation® is
currently tested for clinical application.**>°
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Due to the early success with 1% generation ASO, further
medicinal chemistry was explored to improve half-life and
potency of the drugs in order to reduce the administered
dose, the application frequency, the costs, and to minimize
adverse effects.”” This resulted in the 2"¢ generation ASOs,
also referred to as gapmers. A typical gapmer is a 20 nt oli-
gonucleotide comprising a PS backbone and 5 flanking 2'O-
methoxyethyl (MOE) groups at both termini. Due to the
unmodified internal DNA gap, such ASOs remain good sub-
strates for RNaseH, whereas the terminal MOE modifications
increase nuclease resistance and enhances the binding of the
ASO to the target mRNA.*® 2" generation ASOs entered
clinical trials for various therapeutic applications. The most
prominent representative of the 2% generation is the MOE
gapmer mipomersen as the second FDA-approved RNaseH-
dependent ASO. The compound targets apolipoprotein B-
100 mRNA and is subcutaneously administered to treat
familiar hypercholesterolemia. The genetic disorder is caused
by the loss of low-density lipoprotein (LDL) receptor func-
tion leading to high LDL cholesterol plasma concentration
and early cardiovascular disease. Phase III trials had demon-
strated an efficient decrease of LDL cholesterol by lowering
ApoB-100 amount in patients obtaining mipomersen.*!
The treatment obviously profited from the general pharma-
cokinetics of systemically administered ASOs which prefera-
bly accumulate in the liver where ApoB-100 synthesis takes
place.® Recently, an RNase-dependent ASO®* has reached
clinical phase III to reduce transthyretin expression in
patients suffering from familial amyloid polyneuropathy.””>*
Chemotherapy combined with RNaseH-mediated degrada-
tion of clusterin mRNA is a potential therapeutic option in
the treatment of prostate’®>® and lung cancer.”>*’

Generation 2.5 ASO are derived from the traditional
gapmer design. For this, the MOE modifications are replaced
by 2',4'-constrained ethyl (cEt) bridges in the flanking
nucleotides. It was found that cEt-modified oligonucleotides
provide the same superior target affinity, but increased
nuclease resistance as compared to locked nucleic acid
(LNA)-containing oligonucleotides.*' One of the generation
2.5 ASOs targets the mRNA of signal transducer and activa-
tor of transcription 3** and is currently tested for the treat-
ment of various cancer types.43’46

Most recently, a new chemistry has been developed that
strongly increases the liver-specific uptake of oligonucleotide
drugs, including ASO and siRNA therapeutics. For this,
ASOs*” and siRNAs*® are conjugated with triantennary N-
acetyl galactosamine (GalNAc;). GalNAc; mediates liver-spe-
cific uptake through the asialoglycoprotein receptor (ASGPR)
that is exclusively expressed on hepatocytes. Marketed as
ligand-conjugated antisense (LICA) technology (Ionis Pharma-
ceuticals), it could be shown that the conjugation increases the
potency of MOE gapmers up to 10-fold for inhibiting the
expression of hepatic genes in mice.*” When using a GalNAc;-
conjugated cEt gapmer, the RNaseH-mediated mRNA degrada-
tion was enhanced around 60-fold as compared to the
corresponding 2™ generation MOE ASO. Additionally, Tonis
Pharmaceuticals announced that its LICA drug targeting apoli-
poprotein(a) was 30-fold more potent in a phase I study than
the unconjugated MOE gapmer.”®”!
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Splice-switching oligonucleotides

Pre-mRNA is matured during a complex nuclear process called
splicing that removes the introns (non-coding sequences) and
joins the exons (coding sequences). By applying alternative
splice sites and by occasional inclusion or exclusion of exons
and introns, multiple protein variants are derived from one
gene (alternative splicing). Several diseases are related to aber-
rant RNA-splicing leading to non-functional proteins, and
great efforts have been undertaken to develop antisense oligo-
nucleotides, referred to as splice-switching oligonucleotides
(SSOs) that manipulate splicing. Therapeutic SSOs promoting
exon skipping and exon retention for the treatment for Duch-
enne muscular dystrophy (DMD) and spinal muscular atrophy
(SMA) are currently evaluated in clinical trials.”

Dystrophin, the protein encoded by the DMD gene, is crucial
for the integrity of muscle tissue.”® In rare cases, newborn males
harbor a defect dystrophin gene on their X chromosome. The
patients suffer from successive muscle wasting resulting in a pre-
mature death due to respiratory or cardiac failure. In most cases,
the loss-of-protein-function results from exonic out-of-frame
deletions. In many cases the reading frame can be restored by
skipping the aberrant exon by addressing a SSO to an internal
exonic splicing enhancer.”® The resulting truncated dystrophin
protein retains partial function and gives the less severe Becker
muscular dystrophy phenotype.”* Several SSOs have been devel-
oped that are clinically evaluated for the skipping of exons 44, 45,
51, and 53, including drisapersen and eteplirsen (Table 1).
Recently, both companies submitted new drug applications for
their lead compounds drisapersen®>>’ and eteplirsen,”®*, both
amenable to exon 51 skipping. In case of drisapersen, the FDA
rejected the application due to major concerns about the efficacy
and safety of the drug.®® The high dosage required led to severe
adverse effects including renal and vascular injury. To improve
efficacy and safety other SSO chemistries might be more success-
ful. Whereas drisapersen is a 20 nt 2'O-methoxy phosphoro-
thioate RNA analog, eteplirsen is a 30 nt phosphorodiamidate
oligomer, a so-called morpholino. The final decision on the effi-
cacy and safety evaluation by the FDA is still pending for ete-
plirsen. Additionally, a new, morpholino-based SSO for exon 53
skipping is currently under clinical evaluation (NS-065/NCNP-
01).°"%? For the future, we can hope in new chemistries. A SSO
that relies on 2'0,4'C-ethylene-bridged nucleosides (ENA oligo-
nucleotides)®® which mediate nuclease resistance and improved
binding affinity to RNA has now entered a clinical phase I/II trial
for the treatment of DMD (DS-4151b).54%°

Spinal muscular atrophy (SMA) is a rare genetic disorder
caused by survival of motor neuron 1 (SMN1) gene mutations.5
Infant patients affected by this disease suffer from the loss of
motor neurons and associated muscle wasting. However, there is
a therapeutic approach by activating the SMN2 gene, which is
almost identical to SMN1, but a single mutation in a splicing
enhancer strongly prevents the inclusion of exon 7 resulting in an
unstable protein unable to replace the lost SMN1 function.*” In a
mouse model, a highly potent 2’O-methoxyethyl PS SSO for exon
7 retention in SMN2 was identified (IONIS-SMNp,).*® The drug
is injected in the spinal cord ensuring the direct delivery to the
affected motor neurons without the need to cross the blood-brain
barrier. After promising clinical phase II results regarding efficacy
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and safety of the drug candidate,”” two phase III trials were
recently initiated for evaluating IONIS-SMNg,.”*”!

Although the SSO design remains challenging, several new
therapeutic applications were successfully validated in preclini-
cal studies.”” Possible drug approvals of eteplirsen or IONIS-
SMNp, in the near future could eventually proof the feasibility
of the splice-modulating antisense oligonucleotide approach.

Aptamers

Aptamers are 20 - 100 nt long oligomers that adopt complex
three dimensional structures that allow them to interact potently
and specifically with various proteins typically achieving nM- to
pM binding affinities.”” They are readily obtained in an iterative
laboratory evolution procedure called SELEX (systematic evolu-
tion of ligands by exponential enrichment).”* Currently,
aptamers are mainly targeting extracellular structures such as
plasma proteins and cell surface receptors thus avoiding the
problem of intracellular delivery. Hence, aptamers are compara-
ble in many aspects to antibodies, however, aptamers are much
smaller, can penetrate tissues deeper, are chemically synthesized
to highest purity and homogeneity and differ in their toxicity
and immunogenicity profile. To improve their plasma life-time
and to adjust their toxicity, aptamers are typically chemically
stabilized (2'-OMe, 2'-F, 3’ inverted dT) and PEGylated.

In 2004, the first (and until today the only) aptamer, Macu-
gen, was approved by the FDA for clinical therapy of AMD
(age-related macular degeneration). The 27-nt chemically stabi-
lized RNA oligomer is directed against the vascular endothelial
growth factor (isoform 165) and blocks VEGF-receptor-induced
neovascularization.”>”® After achieving its highest sales in 2010,
it has now almost entirely been displaced by antibodies (Ranibi-
zumab and Bevacizumab, for instance) which can bind addi-
tional VEGF isoforms besides VEGF-165 and thus benefit for
their poorer specificity compared to the aptamer. After this early
breakthrough with Macugen, numerous aptamers have been
explored in clinical settings. However, some programs suffered
very unfortunate setbacks at late clinical trial states, like the
aptamer-containing anticoagulation system REG1 which was
terminated in 2014 in a phase III study due to unexpected toxic-
ity / immunogenicity issues (Table 1).”7®

Currently, several aptamers for the local treatment of eye dis-
eases are in late clinic trials (IT and III), for instance the aptamers
Fovista”®" and Zimura,*** which target PDFG (it is a growth fac-
tor) and C5, respectively. In combination with VEGF inhibitors
they might find application in the treatment of AMD in the near
future. To overcome the prevalent problems with toxicity and
immunogenicity, NOXXON Pharma develops so-called Spie-
gelmer therapeutics.** These drugs apply stereochemically inverted
nucleotides based on L-ribose instead of the natural D-ribose, can
be evolved via SELEX, and are suggested to be resistant against
nucleases® and invisible for the immune system.** Currently, 3
Spiegelmer aptamers™®* are in clinical phase I studies (Table 1).

Therapeutic RNAi

RNA interference (RNAi) is a mechanism of posttranscrip-
tional gene regulation that was discovered in 1998.'* RNAi can
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interfere with gene expression in various ways including the
degradation of a specific mRNA target via endonucleolytic
cleavage, or via recruitment of deadenylation / decapping
enzymes, but it can also positively affect the stability and trans-
lation of a specific mRNA. The mechanistic details that lead to
the respective responses are still under exploration. In princi-
ple, a dsRNA that is introduced into the cytoplasm is processed
by the RNase dicer into ~22 bp RNA duplexes and loaded
onto the endonuclease Argonaut-2 (Ago-2). Ago-2 slices the
passenger strand of the RNA-duplex and applies the remaining
guide strand for sequence-specific mRNA-targeting.”> While
short interfering RNAs (siRNAs) are fully complementary to
their target mRNA and promote cleavage (knock-down), micro
RNAs (miRNAs) contain bulges and loops that prohibit slicing
by Ago-2, but alter the stability and translational activity of the
target.94

Allowing the selective knock-down of genes in cell culture
and animal-models, RNAi quickly became a valuable tool in
basic biology.”>®” In parallel a race started to exploit the RNAi
mechanism for therapeutic purposes and several big pharma
companies, like Merck, Roche, and Pfizer made large invest-
ments that resulted in the first clinical trials in 2004, already 6 y
after the discovery of RNAi.”** However, in the aftermath
those early trials mostly failed due to strong innate immune
reactions and/or lack of patients” benefit, and in the conse-
quence big pharma left RNAi again.'®'** In the 18 y since its
discovery the field of therapeutic RNAi went from enthusiastic
interest over despondence and back again, resulting in a re-
assessment of the technological obstacles and more realistic
expectations for clinical trials. This has been accompanied by
commentary elsewhere.'>'%

However, after recent successes in clinical trials, showing the
efficacy of RNAi therapeutics to reduce transthyretin'®’ and
PCSK9'*® in patients, the interest in RNAi is currently growing
and even big pharma including Sanofi and Roche started to
invest again.”® The initial drawbacks in clinical trials were
mostly related to the low efficacy of the drugs, off-target issues
and immune-related toxicity.'” Off-target effects include
immune-reactions induced by the siRNA/miRNA precursors,
and up- and downregulation of non-target mRNAs due to satu-
ration of the RNAi machinery and off-target binding of the
siRNA."" There is now increasing success in tackling all those
issues. Current innovations include chemical modification /
sequence optimization of siRNAs and its precursors, and new
solutions to the delivery problem. The latter include various
forms of (lipid) nanoparticles and bioconjugates. The details of
this progress are comprehensively reviewed elsewhere.''*'"?
Briefly, clinical trials seem more successful when they are con-
fined to readily accessible organs like the liver, cancer, and
immune-privileged areas like the eye.''*'*> Whereas the eye is
a good target for naked siRNAs, treatment of the liver benefited
from lipid-based nanoparticles and the above-mentioned Gal-
NAc; conjugates.''® In particular the GalNAc; approach has
significantly improved the efficacy of siRNA-conjugates, allow-
ing now the weekly administration of liver-targeting siRNA via
subcutaneous injection in non-human primates to knock-down
antithrombin to clinically relevant levels."" Notable in this
approach is that it allows to knockdown an essential protein
(like antithrombin) in a tunable and reversible manner,

whereas the permanent knock-out of antithrombin (for
instance at the DNA-level) is lethal.'' Overall, more than 20
siRNA drugs in various formulations are in clinical trials now
(up to phase III, Table 1).'** RNAi-therapy clearly has the
potential to tackle currently undruggable diseases and to appear
in the clinics soon.

The therapeutic use of the miRNA-related mechanism (not
applying the slicing activity of Ago2) is still in its infancy. Attrac-
tive is the possibility of manipulating larger networks of genes
simultaneously in both, a negative and positive manner.'** This
might become interesting for the treatment of complex diseases
like cancer. On the other hand, endogenous miRNAs are
involved in many cellular processes and their manipulation
could also be disease-relevant. The knockdown of miRNA 122
with antisense oligonucleotides was shown to interfere with hep-
atitis C virus progression and is currently in phase II clinical
studies.'*> As the hepatitis virus seems to require the endoge-
nous miRNA for its functioning the knockdown of this host-
specific factor is particularly promising as the virus cannot adapt
easily by evolution.”® Other miRNAs that are linked to cancer
like miRNA 16 and 34a are also targeted with ASOs and are cur-
rently in clinical trials phase 1.'*"'*®

Emerging concepts for therapy
Therapeutic mRNA

For a long time it has been believed that only short, chemically
stabilized oligonucleotides are suitable as drugs. However, long
(protein-encoding) mRNAs haven recently proven their enor-
mous therapeutic potential. Protein replacement experiments
were first performed in the early 1990ties with naked mRNA in
mice and rats."*>"** Even though replacement experiments
were successful to some degree, there have been massive prob-
lems related to the well-known RNA-dependent immune-
stimulation through interferon-I (IFN-I) and a generally low
translation efficiency."*"'*?

However, during the last 15 years, our mechanistic under-
standing of the immune-stimulatory effect of RNA has substan-
tially improved. This was due to the discovery of RNA sensors
including the Toll-like receptors (TLR) 3, 7, 8, Melanoma dif-
ferentiation-associated protein 5 (MDA-5), Retinoic acid
inducible gene I (RIG-I), as well as various RNA helicases.!*
Besides the activation of the innate immune response under
release of the respective signaling molecules we have also
learned how these RNA-sensing events are directly linked to
the general repression of mRNA translation in the affected
cells. Among others, general translation repression is mediated
by phosphorylation of translation initiation factor 2« via pro-
tein kinase R activation.'**'** In the worst case, IFN-I activates
2/-5'-adenylate synthase and RNaseL and leads to apoptosis.'*®

RNA replacement strategies aim to achieve high translation
levels under minimal immune stimulation. Both can be
achieved by designing mRNAs that evade RNA-sensing. The
following strategies turned out as particularly successful.

a) Chemically modified pyrimide nucleotides like pseu-
douridine (), 2-thiouridine (s2U), and 5-methylcytidine
(m5C) are incorporated into mRNAs during in-vitro-
transcription to minimize recognition by RNA



sensors."”” Substitution of uridine by pseudouridine was
shown to diminish recognition by TLR-3, -7, -8, and
RIG-L1."*7"** To fine-tune effects on translation efficiency,
nucleotide analogs are often mixed with their natural
counterparts. The extent to which these modifications
may induce mistranslation is yet unknown."*

b) Rigorous purification of the mRNA product from unin-
corporated nucleoside triphosphates, small abortive tran-
scripts, remaining DNA templates, and in particular
dsRNA via HPLC (High performance liquid chromatogra-
phy) was shown to dramatically reduce immunogenicity
of the transcripts and can increase the translation 10- to
1000-fold." 1!

¢) Synthetic cap analog structures like ARCA (anti-reverse-
cap-analog) can further decrease immune response and
improve translation. In contrast to older cap analogs,
ARCA is always incorporated in correct orienta-
tion."**'*> A new ARCA variant contains a phospho-
thioate that resists enzymatic decapping and can increase
the half-life of the mRNA.'**

d) Computational sequence design allows to reduce the
number of particularly immune-stimulatory nucleotides
and combinations (like UW, with W = A or U). %1%
Furthermore, transcript stability can be optimized by the
introduction of 3’-UTRs (or some elements) taken from
other mammalian or viral genes as well as addition of
Poly(A)-tails."**'>?

The RNA replacement strategy is particularly advantageous
when a transient, burst-like expression of a protein is desired.
Typical examples for the latter are the epigenetic re-program-
ming (induced pluripotency), wound healing, and genome edit-
ing. In this sense, in-vitro transcribed mRNA (IVT-mRNAs)
has been used to deliver a) human bone morphogenetic protein
2 (hBMP-2) to support bone regeneration in rats; to deliver b)
the transcription factor mix that induces pluripotency; and to
deliver ¢) vascular endothelial growth factor-A (VEGF-A) into
a mouse model for myocardial infarction resulting in an
improved heart function and enhanced survival.'"**"'** Further-
more, IVT-mRNAs have been successful in the delivery of sur-
factant protein B in deficient mice, and in the delivery of
murine erythropoietin to increase the hematocrit.'**'®!

IVT-mRNA could turn out as a valuable tool for genome
editing. Genome editing holds great promise for the treatment
of various diseases by a permanent repair of a gene via a site-
directed knock-in or knockout.'®®> However, the respective
nucleases that induce the required double-strand DNA breaks
including ZFNs, Talens, and CRISPR/Cas, should not be persis-
tently expressed as this would dramatically increase the chance
of off-target genome editing.” Consequently, its delivery as an
mRNA is beneficial compared to a DNA vector and also cir-
cumvents the typical safety risks of viral and non-viral DNA-
based methods like genomic insertion and antivector immuno-
genicity. Encoding of genome editing tools via IVT-mRNAs
has already been widely used to generate transgenic ani-
mals.'”*'* In a proof-of-concept study, gene function was
restored via homology-directed promotor exchange in a surfac-
tant-B-deficient mouse model by in-vivo-delivery of the ZFN
in form of an IVT-mRNA. However, this required the addi-
tional delivery of the repair template (with the promotor) in
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form of an AAV6 (Adeno-associated-virus serotype 6)."”° Suc-
cessful promoter exchange was demonstrated and resulted in a
prolonged life of the treated mice. IVT-mRNA encoded Talen
have been used successfully to disrupt the CCR5 (CC chemo-
kine receptor type 5) gene via non-homologous-end-joining in
the T-cell line PM1. As the loss of CCR5 function confers resis-
tance toward R5-tropic HIV-1 infection, side-directed nucle-
ases are promising to target this infectious disease.'”" An initial
clinical phase I study is currently starting.'”> As IVT-mRNA is
a young field, this study represents the first clinical study that
uses IVT-mRNAs, but more are likely to follow soon.

mRNA can have many advantages over DNA vectors to
deliver therapeutic proteins. Besides its transient nature, we
want note that mRNA is very well and quickly translated in
postmitotic cells that are difficult to transfect with DNA vec-
tors. mRNA also works independent of a promotor, but this
can potentially limit its application if tissue-specificity is
required. However, we know from various studies that there is
a large number of regulatory elements, typically in the 3-UTR,
including miRNA binding sites, stabilizing and destabilizing
elements that could allow to manipulate the expression of an
IVT-mRNA in a tissue-specific manner in the future.**'”?

Oligonucleotides for vaccination and desensitization

As indicated above, very successful strategies haven’t been
developed to evade the RNA-sensing event and to trick the
innate immune system. However, inducing a specific immune
response can be highly desired. Thus the recent knowledge on
the immune stimulation by RNA can be used for the latter.
Currently, the classical vaccination is based on the delivery of
inactivated or living viruses, virus-like particles, or antigenic
peptides. While the antigenic peptides require additional vacci-
nation adjuvants like alum salts, the other entities contain suffi-
cient pathogen-associated-molecular-patterns (PAMPs) in
form of proteins, nucleic-acids, and lipopolysaccharides. These
PAMPs are detected by pattern-recognition-receptors (includ-
ing the above-mentioned RNA sensors) and induce the release
of type-I interferons, pro-inflammatory cytokines, and chemo-
kines. This is reviewed in-depth elsewhere.'”*'”> Short peptide
fragments are then presented to the immune system via MHC-
complexes on dendritic cells and other antigen presenting
cells.'”® This process finally induces a humoral as well as cellu-
lar immune response of the adaptive immune system.

The presented antigens are mainly protein-derived peptides.
This opens the intriguing possibility to deliver antigens for
MHC-presentation encoded as IVT-mRNAs under simulta-
neous induction of the necessary innate and adaptive immune
stimulation as the IVT-mRNA itself can function as PAMP. By
doing so, it is well conceivable to create specific immune
responses not only against viruses and bacteria, but also against
cancer cells or for allergy treatment.'””"'®' The design of such
mRNA-based vaccines would be highly rational, fast, cheap,
and could be done in a personalized manner, for instance
against the specific transcriptome of a patient-specific can-
cer.'® IVT-mRNA vaccines would be faster available as the
generation of virus-particles (and similar entities) would be cir-
cumvented. Lyophilized mRNA vaccines can be stored at 37 °C
for several weeks.'®® This allows the transport of vaccines into
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regions that cannot provide an uninterrupted cold chain. The
safety-profile could also be better compared to DNA-based
methods (insertion mutagenesis, low efficiency) or virus-like
entities (therapy-induced virus-specific humoral immune
response).'®* % Again, also for vaccination, the transient
nature of RNA expression is beneficial, as a low-level, long-
term expression of an antigen might induce tolerance.'®’

Two major IVT-mRNA-based vaccination strategies are
currently explored: the ex-vivo and the in-vivo approach. The
first, which was earlier developed, is based on the ex-vivo
pulsing of allogenic (= patient-derived) dendritic cells with
antigen-encoding mRNA, which allows the redirection of the
adaptive immune system to target cancer or virus-infected
cells. The feasibility and safety of this method was proven in
pre- and clinical trials focused on HIV and various cancer
types. However, personalized ex-vivo therapies require time-
consuming and expensive individualized manufacturing
processes which currently limit their broad clinical applica-
tion.'®*'*> Nevertheless, further clinical trials up to phase III
are currently running.'**>%

Even though cumbersome, the ex-vivo strategy allows to
optimize and control mRNA transfection and immune stimula-
tion more carefully. The in-vivo approach, however, is poten-
tially more simple and elegant, but encounters additional
problems. Whereas all IVT-mRNA strategies require stable and
highly translatable transcripts, the in-vivo strategy requires
additionally the immune-stimulatory effect that counteracts
translation. It was found that complexation of IVT-mRNA
with protamine enhances immunogenicity via TLR-7 activation
and simultaneously improves stability, however, with the
downside of low antigen expression.””> Anyway, a combination
of protamine-complexed IVT-mRNA together with naked
IVT-mRNA of the same sequence turned out to satisfy both
needs at the same time: high translation efficiency and immune
stimulation. Those self-adjuvanting mRNAs are currently in
phase I and II clinical trials against prostate cancer, late stage

RNA repair

lung cancer, and rabies; pre-clinical trials against influenza
have been performed.'®*'#¢242% We wish to mention that
also other approaches that apply naked or formulated IVT-
mRNAs are in clinical trials, for instance for targeting other
cancer entities."’>*'° Furthermore, non-coding RNA can also
be used as a vaccination adjuvant replacing the classical alum
salts as adjuvant of protein- or peptide-based vaccines.*""

Currently, IVT-mRNA are expensive therapies. On one
hand, the GMP (Good manufacturing practice) production of
IVT-mRNA in large scale is not yet fully established, but
CureVac has announced significant progress here.”’> On the
other hand the potency of IVI-mRNA could be further
improved by assisted delivery via lipid-nanoparticels, polymeric
nanoparticles, gold nanoparticles, among others, as reviewed
elsewhere.”"> Furthermore, there are promising attempts to
develop self-replicating RNA-vaccines that apply viral RNA-
dependent RNA-polymerases (from «-virus) to produce the
RNA vaccine from a dilute IVT-mRNA template.*'*>'® How-
ever, there are safety concerns related to the control of the
replication process and the tolerance against the viral RNA-
polymerase, but the strategy is still in the pre-clinical explora-
tion phase.”"”

Finally, mRNA vaccines could also be used in allergy treatment
to desensitize the immune system against a specific antigen. Desen-
sitization against type-I allergies is typically accomplished through
repeated intra-dermal, intra-nodal, or sub-lingual application of
allergens. Whereas a strong Immunglobuline E and CD8" T-cell
responses is intended during vaccination, desensitization aims to
change the Ty1/TR1 to Ty2 cell ratio toward Ty1/TR1 to fine-tune
the immune response and to induce tolerance.'”® Application of
low-dose IVT-mRNA could be used for that purpose, and there is
pre-clinical data that prove efficacy and suggest a long-term protec-
tive effect.”'® One can expect first clinical trials to start within the
next few years. Applying mRNA as an anti-allergic vaccine has sev-
eral advantages compared to the classical allergen extract (like stan-
dardized cat extract) or DNA-based vaccines.”!**?° IVT-mRNA is
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obtained in a defined and highly pure state thus avoiding unin-
tended antigens that can be included in allergen extracts.*"***
DNA-based allergy treatment on the other hand suffers from the
above mentioned safety concerns and thus harbors disproportional
risk in the context of a preventative therapy.

RNA repair

Besides the manipulation of splicing, most interventions on the
RNA-level aim to destroy or block their endogenous targets.
Strategies to restore the function of an RNA that is corrupted
by missense, nonsense or frameshift mutation, or by defective
processing are rare. In case of loss-of-function mutations, the
administration of a therapeutic mRNA to replace the non-
functional variant might solve the problem, as discussed above.
However, this is only feasible with a small number of therapeu-
tic mRNAs that can be translated under low control of transla-
tion level and tissues specificity. Indeed, many transcripts are
tightly regulated with respect to their dose and tissue specificity
and come as a mixture of various isoforms due to alternative
promotor usage, alternative splicing, alternative polyadenyla-
tion and alternative posttranscriptional modification. Such
transcript variants may differ in their function, localization, sta-
bility, etc. To address this variety in an mRNA replacement
strategy seems impractical. A better alternative would be the
repair of the endogenously expressed but defective RNA tran-
script, a strategy, we call RNA repair.

Very recently, we and others have engineered artificial
RNA-guided editing machineries that allow to re-program
genetic information at the RNA level.**>*** For this, adeno-
sine-to-inosine (A-to-I) RNA editing enzyme3226’227 are
directed toward specific sites on selected transcripts and
allow for the precise posttranscriptional manipulation of the
genetic information. The manipulation results from the fact
that inosine is biochemically interpreted as guanosine. Thus,
formal A-to-G conversions become accessible, in a highly
site-specific manner. The specificity comes from the guide-
RNA that addresses the editing enzymes and can be readily
programmed in rational way, simply by applying Watson-
Crick pairing rules.”*® Even though only A-to-G mutations
are accessible the scope of manipulations is large. Twelve out
of the 20 canonical amino acids can be manipulated, com-
prising almost all of the polar ones which are essential for
protein function.”””> Furthermore, START and STOP codon,
splice elements, polyadenylation signals, and viral RNA are
potential targets.”****” We and others have shown that such
strategies work inside mammalian cell culture**® and even in
a simple organism>° and allow the repair of disease-relevant
genes, like the CFTR mRNA.**

Other people have recently shown the possibility of re-
directing snoRNA-guided RNA modification machineries, like
the 2-O-methylation®>' and the pseudouridylation machin-
ery."”” The first modification allows interference with splicing,
the second allows the read-through of premature STOP codons.
Mammalian cells harbor a plethora of RNA modifying and
processing enzymes. There is no need to restrict ourselves to
the usage of nucleases, like RISC, RNaseH, and RNaseP.**” Just
to give a few examples, there are RNA editing and modifying
enzymes inside the cell that can change nucleotides (A-to-I, C-
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to-U>”, U-to-y, A-to-m6A,”* and many more for the
tRNAs**®), that add the cap®®® and the poly(A)-tail,”*” RNAs
can be precisely processed, for instance by the CCA-adding
enzymes,”**** TUTases,”*’ etc.”*' Thus, even complex repair
processes are conceivable, including the repair of insertion and
deletion mutations at the RNA-level. In this respect, we want to
recall a largely overseen work from 2004, done by Paul Zamec-
nik, the pioneer of antisense therapy, in his early nineties
shortly before he passed away. He demonstrated the possibility
of repairing the terrible A508 deletion mutation in the CFTR
gene, the main cause of cystic fibrosis, simply by administration
of 2 chemically stabilized RNA oligomers.>** In cell culture, the
efficiency of mRNA repair was sufficient to restore the chloride
channel function. Unfortunately, he was unable to elucidate the
mechanism, but he could clearly demonstrate the repair to take
place at the mRNA. Such a complex repair requires a concerted
nuclease, ligase (and polymerase) activity at a specific site on an
mRNA molecule. In summary, it seems that numerous endoge-
nous enzymes stand ready inside the cell for RNA repair pro-
cesses. We just have to learn how to make use of them.****** If
successful, one can establish novel platforms for therapeutic
intervention.

Conclusions

While splice-switching oligomers and aptamers are still strug-
gling on their ways to the clinic, major progress has been made
for RNaseH-dependent ASOs and for therapeutic RNAi with
chemically stabilized siRNAs. This is due to the development of
new chemistries that improve efficacy and delivery of the drugs
to some specific organs. An impressive example is the develop-
ment of the GalNAc; conjugation that clearly improves liver
targeting and might allow for the administration of siRNA and
ASO by subcutaneous administration in the future. However,
overcoming problems with delivery and efficacy remains elu-
sive for many organs and will require massive basic research in
the future.

Among the emerging approaches, the usage of in-vitro-tran-
scribed mRNA for protein replacement and vaccination has
made impressive progress. This was mainly due to the tailored
suppression or harnessing of the RNA-induced immune
response by chemical modification and formulation. The
approach has the potential to find wide application in the clin-
ics whenever a transient, burst-like expression is advantageous.
The RNA repair approach is still in its infancy, but we believe
that the harnessing of artificial and in particular endogenous
RNA repair proteins might enable new therapies, complement-
ing the above-mentioned classical RNA-based and the
approaching genome editing methods, and being superior to
the latter with respect to safety and ethical issues.

Overall, the progress during last years is impressive. The
increasing number of clinical trials for various approaches
makes us feel optimistic that numerous nucleic-acid-based
drugs will soon find their ways to the patients to enable novel
therapies.
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ABSTRACT

Site-directed A-to-l RNA editing is a technology for
re-programming genetic information at the RNA-
level. We describe here the first design of genetically
encodable guideRNAs that enable the re-addressing
of human ADAR2 toward specific sites in user-
defined mRNA targets. Up to 65% editing yield has
been achieved in cell culture for the recoding of a
premature Stop codon (UAG) into tryptophan (UIG).
In the targeted gene, editing was very specific. We
applied the technology to recode a recessive loss-of-
function mutation in PINK1 (W437X) in HeLa cells and
showed functional rescue of PINK1/Parkin-mediated
mitophagy, which is linked to the etiology of Parkin-
son’s disease. In contrast to other editing strategies,
this approach requires no artificial protein. Our novel
guideRNAs may allow for the development of a plat-
form technology that requires only the administra-
tion or expression of a guideRNA to recode genetic
information, with high potential for application in bi-
ology and medicine.

INTRODUCTION

RNA editing alters genetic information at the RNA-level
by insertion, deletion or modification of nucleotides (1).
The catalytic deamination of adenosine (A) gives inosine
(D) that is biochemically read as guanosine. In consequence,
A-to-1 RNA editing alters the function of RNAs in vari-
ous ways. Amino acids are substituted, miRNA recognition
(2,3) and splicing (4) are altered. In the human transcrip-
tome, the classic example for amino acid substitution is the
editing of the glutamate receptor GluR2 transcript at two
sites, the R/G and the Q/R site, with the latter one being
essential for nervous system function (5,6). A-to-I editing is

carried out by two ADARs (adenosine deaminases acting
on RNA), ADARI1 and ADAR?2 in different isoforms (7).
An alteration of RNA editing is linked to various neurologi-
cal diseases including behavioral disorders, epilepsy and the
Prader—Willi syndrome (8-11). Knock-out of ADAR2 in
mice leads to an early dead of the newborn due to seizures.
Interestingly, this phenotype can be rescued by genomic in-
sertion of an R at the Q/R site in GluR2 (12). Mutations in
ADARI1 are linked to the Aicardi-Goutieres syndrome, (13)
an autoimmune disease and others, including dyschromato-
sis (14). Knock-out of ADARI1 function in mice results in
early embryonic fatality, (15,16) which can be rescued by
a simultaneous knock-out of dsSRNA sensing via MDAS
(17,18). Both, hyper (19)- and hypoediting (20) have been
associated with cancer (21-23). Whereas ADARI is ubig-
uitously expressed in various tissues, ADAR2 is mainly ex-
pressed in neurons (24). Both enzymes are promiscuously
recruited to hundreds of thousands of double-stranded
RNA structures by their N-terminal dSRNA binding do-
mains (dsRBD) (25,26). Thus, editing is relatively unspe-
cific, happens massively in Alu repeats, and on dsRNA
structures of >30 bp (27). However, some RNA substrates,
containing bulges and loops, are edited in a highly specific
manner (7). In particular, the precise and efficient editing
at the R/G site of the GluR2 transcript results from a de-
fined positioning of ADAR2 by the interaction of its two
dsRBDs with the exon/intron border of the transcript (28).

Re-directing RNA editing to user-defined targets allows
altering genetic information in a highly rational way (29).
Various applications in basic biology and medicine are con-
ceivable. Even though limited to A-to-I substitution, the
scope is large. It includes the targeting of most polar amino
acids (Gln, Arg, His, Tyr, Ser, Thr and others), which play
essential roles in enzyme catalysis, signaling and posttrans-
lational modification. Furthermore, stop, start, splicing sig-
nals and miRNA recognition sites can be manipulated.
Thus, site-directing RNA editing at specific sites on user-
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defined targets has an immense potential for the manipu-
lation of protein function, RNA processing, and could be
used to attenuate disease phenotypes (29). Such a strategy
would complement current genome editing approaches (30)
in several aspects. The transient and thus reversible nature
of RNA manipulation could be beneficial with respect to
ethical issues and safety aspects. Both, therapeutic and po-
tential adverse effects are likely to be tunable and reversible.
Furthermore, manipulations are conceivable that are inac-
cessible at the genome level. This includes amino acid or
transcript level changes that would kill a cell if they are per-
manently enforced. Potentially lethal interventions on ki-
nases, apoptosis factors, coagulation factors, (31) transcrip-
tion or translation factors could be realized on the RNA-
level suddenly, transiently or partially to obtain a thera-
peutic effect. Manipulation at the RNA-level might also
be much more efficient compared to HDR-dependent gene
correction, which remained persistently inefficient in vivo,
(30) in particular in postmitotic tissues like the brain. For
many genetic diseases caused by recessive loss-of-function
mutations, a drug that can restore a small fraction (like 5%)
of functional gene product in a large fraction of a tissue is
superior to a drug that can restore full gene function (100%)
but only in a small fraction of the tissue. A typical example
is cystic fibrosis (32).

Site-directed RNA editing is not a new concept. The first
trial goes back to the pioneering work of Tod Woolf and
colleagues who could demonstrate already in 1995 to elicit
RNA editing in a reporter mRNA inside Xenopus eggs
when the mRNA was hybridized with a 52 nt long, unstruc-
tured guideRNA prior to microinjection (33,29). However,
the main issue of low efficiency and in particular off-site
editing in the guideRNA/mRNA could not be solved at
that time. In 2012 and 2013, we (34,35) and the lab of Joshua
Rosenthal (36) have reanimated the concept of site-directed
RNA editing by independent engineering of artificial edit-
ing enzymes that address the catalytic activity in a highly
rational way with the help of external guideRNAs. Such
strategies work inside mammalian cell culture and even in
a simple organism (37) and allow the repair of disease-
relevant genes, like the CFTR (36) mRNA. Chemical mod-
ification of the guideRNA was shown to improve specificity
(35). Even though feasible and expandable for multiplex-
ing approaches, both established strategies require the ex-
pression of an engineered deaminase. With respect to this
limitation, we were wondering if it may become possible
to harness the endogenous human ADARs for site-directed
RNA editing, again with external guideRNAs. As ADARs
are well expressed in neurons, (24) such a strategy could en-
able the attenuation of (neuron-related) disease phenotypes
related to loss-of-function mutations simply by administra-
tion or ectopic expression of a small guideRNA.

Neurodegenerative diseases are a global challenge of to-
morrow (38). Their enormous costs in healthcare threaten
the welfare system. Parkinson’s disease (PD) affects the
central nervous system, destroys motion control, is often
accompanied by neuropsychiatric disorders and character-
ized by a slow progression (39). The disease results from a
loss of dopaminergic neurons in the substantia nigra and
is typically accompanied by the formation of Lewy bod-
ies. Several genes are linked to inherited forms of PD in-

cluding numerous mutations in a-synuclein, Parkin, PINK1
or LRRK?2. However, some forms of hereditary early-onset
forms of PD are linked to single mutations in one gene,
like W437X in PINK1 (40). Studying such mutations has
proven valuable for the elucidation of the mechanism un-
derlying specific forms of PD. Recent research shows that
PINK1 and Parkin work together in a mitochondria qual-
ity control pathway, where damaged depolarized mitochon-
dria are eliminated by the process of autophagy, termed mi-
tophagy. The PINK1 kinase-function is required in an ini-
tial and essential step of mitophagy, which is the recruit-
ment of cytosolic Parkin to the damaged mitochondria and
the formation of perinuclear clusters (41). A single G-to-
A nucleotide exchange in PINK1 has been described that
changes Trp437 into a premature Stop codon and truncates
PINK1’s C-terminus by 145 amino acids including the func-
tionally important kinase domain (40). This results in the
impairment of the Parkin-dependent perinuclear clustering,
clearance of damaged mitochondria and is linked to early-
onset PD.

Here, we describe the rationale for the design of
guideRNAs to harness human ADAR?2 for site-directed
RNA editing. We demonstrate the feasibility of the ap-
proach by the repair of a neuron-related disease-causing
point mutation and show functional rescue of a mitophagy
phenotype.

MATERIALS AND METHODS
Protein production

Wild-type human ADAR2 (with a C-terminal Hisg-tag) was
produced from yeast (YVH10), purified by nickel and hep-
arin affinity chromatography similar as described before
(42). For details see Supplementary Material.

R/G-guideRNA synthesis

R/G-guideRNAs were produced by T7 in vitro transcrip-
tion. The guideRNAs were cleaved during transcription
from a cis-acting hammerhead ribozyme (TA TTCCACCT
GA TGAGTTTTTA CGAAACGTTC CCGTGAGGGA
ACGTC*GTGGAATA, the guideRNA starts after the as-
terisk that marks the cleavage site). The guideRNAs were
purified by urea (7.5M) PAGE (8%, 1xXTBE), isolated by the
crush soak method and precipitated with ethanol.

In vitro editing

Editing assays were performed with purified mRNAs,
guideRNAs and ADAR2-Hisg protein. mRNA (0.5 or 25
nM), guideRNA (5 or 125 nM) and ADAR2 (180 or 350
nM) were incubated in reverse transcription buffer (75 mM
KCl, 25 mM Tris-HCI, 2 mM DTT, pH 8.3) and the indi-
cated amounts of magnesium (1.5 or 3 mM), and spermi-
dine (0, 0.5 or 2 mM). Editing reactions were cycled three
times between 37°C (30 min) and 30°C (30 min) and were
stopped by addition of a sense oligomer that displaces the
guideRNA from the mRNA. After reverse transcription
and Taq-PCR, DNA was analyzed by Sanger sequencing.
The editing yields were estimated by the relative areas of
the guanosine versus adenosine traces.



Cellular editing

(a) under transient ADAR2 expression: ADAR2 (lack-
ing the His-tag) was subcloned into the pcDNA3.1 vec-
tor as described in the Supplementary Material. The R/G
guideRNAs were subcloned into the pSilencer2.1-U6hygro
vector under control of U6 promoter and terminator. The
W58X eGFP gene was cloned into the pcDNA3.1 vector
as described before (29). 293T cells were cultivated with
Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), 1% P/S, 37°C, 5% CO,. Cells (1.75
x 10°/well) were seeded into 24-well plates and were 24
h later transfected with the indicated amounts of plasmids
using Lipofectamine 2000. Plasmid amounts have typically
been 300 ng ADAR2, 300 ng W58X GFP, 1300-1600 ng
guideRNA per well. For details see Supplementary Figures
S8-S15. After the indicated time after transfection (typi-
cally 48 h) editing was evaluated by fluorescence microscopy
(Zeiss AxioObserver.Z1) and RNA sequencing. For the lat-
ter, total RNA from the cells (Qiagen R Neasy Mini Kit) was
DNasel-digested, followed by reverse transcription, Taq-
PCR amplification and Sanger sequencing. (b) under ge-
nomic ADAR?2 expression: the 293 Flp-In T-REx system
(Life Technologies) was used for stable integration of a sin-
gle copy of ADAR2 at a genomic FRT-site in the cells.
Briefly, 4 x 10° cells were seeded on a 10 cm dish. After one
day, 1 pwg of ADAR2 in a pcDNAS5 vector under control of
the tet-on CMYV promoter, and 9 pg of pOG44 expressing
the Flp recombinase were transfected with Lipofectamine
2000 (30 wl). One day later, the medium was changed for at
least two weeks to selection medium (DMEM, 10% FBS,
100 pg/ml hygromycin B, 15 pg blasticidin S). Cells were
kept in selection medium prior to the editing experiment
which was then done in the absence of antibiotics. Edit-
ing: 3 x 103 /well were seeded in poly-D-lysin-coated 24-well
plates. Twenty four hours later, transfection was performed
with GFP (300 ng) and R/G-guideRNA (1300 ng) using
Lipofectamine 2000. GFP phenotype was analyzed by flu-
orescence microscopy. RNA was isolated and sequenced as
described above 72 h post transfection. The sequences of all
guideRNAs are given in Supplementary Table S1.

Mitophagy assay

HeLa cells (PINK 1 wt or KO) were cultured under standard
conditions (DMEM + 10% FBS, 37°C, 5% CO,;). The mi-
tophagy assay was performed in 24-well dishes. Each well
contained a cover-slip coated with poly-D-lysine (Sigma
Aldrich). The cells were seeded at 2.5 x 10*/well. After 24
h, cells were transfected with the indicated plasmids using
FuGene6 (Promega) following the manufacturer’s instruc-
tions. If not indicated plasmid amounts/well were 300 ng
for EGFP-Parkin, 300 ng for PINK W437amber and 300 ng
editing vector. In control experiment Figure 4, d) 1300 ng of
a guideRNA plasmid based on pSilencer lacking ADAR2
was co-transfected instead of the editing vector. In control
experiment Figure 4, e), 200 ng of an editing vector lacking
any guideRNAs but containing ADAR2 was co-transfected
instead of the original editing vector. Treatment with 10
wM CCCP (in DMEM + 10% FBS) was either performed
46 h after transfection for 2 h or 24 h after transfection
for 24 h. To visualize the mitochondria with a membrane
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potential sensitive dye, like MitoTracker Red CMXRos, a
CCCP wash out was performed. For this, the depolariz-
ing agent CCCP was washed out by changing the media
twice every 15 min. Then the cells were incubated with
100 nM MitoTracker Red CMXROS (Invitrogen, M7512)
in DMEM for 30 min at 37°C prior fixation or harvest-
ing. Always 48 h after transfection, cells were washed with
phosphate buffered saline (PBS) and then either fixated (4%
paraformaldehyde/PBS) for immunocytochemical staining
(A) or harvested for RNA isolation (B). (A) For immuno-
cytochemical staining, the cells were washed 3 times with
PBS and permeabilized with 1% Triton-X-100 in PBS for 5
min. After additional 3 washing steps, the cells were blocked
in 10% FCS in PBS for 1 h at RT and incubated with fol-
lowing antibodies for 2 h at RT: mouse anti-ADAR2 (Santa
Cruz, sc-73409) and rabbit anti-PINK1 (Novus Biological,
BC-100-494). Subsequently, the cells were incubated with
secondary antibodies: goat anti-rabbit or anti-mouse Alexa
Fluor 568, 647 or 350. The nuclei were counterstained with
Hoechst33342 in PBS. The cover-slips were mounted on
glass-slides using Dako fluorescent mounting medium. The
cells were analyzed using an Axio-Imager equipped with
ApoTome (Zeiss). (B) RNA was isolated from the cells (Qia-
gen RNeasy Mini Kit). This was followed by DNasel digest,
reverse-transcription, amplification and Sanger sequencing.
For further details see the Supplementary Material.

RESULTS AND DISCUSSION
Design of a trans-acting guideRNA

At the R/G-site of the natural GluR2 transcript, a cis-
located intronic sequence folds back to the exon under
formation of a bulged stem loop structure that recruits
ADAR?2 via its two dsRBDs (Figure 1A). A trans-acting
guideRNA is conceivable that contains a part of the nat-
ural cis-acting R /G-motif in combination with an mRNA-
binding platform to bind an arbitrary mRNA in order to re-
cruit ADAR?2 for site-directed editing. We designed a trans-
acting guideRNA based on available structural information
on the binding complex of dsRBD1 and 2 with the R/G-
hairpin structure (28). We decided to cut the native R /G-site
between the two guanosines five and six nucleotides down-
stream of the editing site (Figure 1A). This position ap-
peared most suitable to harbor the protruding mRNA un-
der minimal interference with dsSRBD?2 recognition and the
deaminase domain. The latter assumption was confirmed
by a recent crystal structure of the ADAR2 deaminase do-
main with an RNA model substrate (43).

Human ADAR? gives highly efficient editing in vitro

First, we studied the new editing strategy in the polymerase
chain reaction (PCR) tube with purified guideRNAs and
ADAR?2 protein. A reporter mRNA (cyan fluorescent pro-
tein) that contains a single G-to-A point mutation gen-
erating a nonsense stop signal (Trp®®—amber) served as
substrate (Figure 1), as described before (34,42). Wild-type
human ADAR2 was expressed and purified from yeast
(YVH10), as described before (42). To minimize charge re-
pulsion and crowding at the exit of the mRNA, we gen-
erated guideRNAs with strictly homogenous 5'-r(GUGG)
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Figure 1. (A) Engineering the natural cis-acting R/G-site into a trans-acting guideRNA that steers wild-type hADAR?2 to a reporter mRNA (CFP) to
repair the Stop codon 66 (UA*G) to tryptophan. (B and C) In vitro RNA editing experiments in absence and presence of spermidine and of the R/G-
motif in the guideRNA. Targeted adenosine is marked with an arrow; off-site editing around adenosine 381 is marked with *. The sequence of the control
guideRNA lacking the R/G-motif was 5-NNN GAACACCCC*AGCACAGA. (B) Editing under high concentrations ((ADAR2] = 350 nM, [guideRNA]

=125nM, [mRNA] =
= 1.5mM).

ends by in vitro transcription from a hammerhead cassette
(44). Initially, we used a guideRNA with a 16 nt reverse
complementary mRNA binding site that puts the targeted
adenosine in a mismatch with cytosine. The targeted adeno-
sine was kept at a distance of five intervening base pairs to
the 5'-terminus of the R /G-helix and was mismatched with
cytosine (Figure 1A).

First, we tested the system at high concentrations of all
components ((mMRNA] = 25 nM, [guideRNA] = 125 nM,
[ADAR2] =350 nM) in presence of 3 mM magnesium. Full
A-to-I conversion at the targeted site (A200) was achieved
(Figure 1B, (a)). However, in contrast to our engineered
SNAP-ADAR deaminase, (34,42) wild-type ADAR2 was
dramatically more reactive and gave massive off-target edit-
ing, with full conversion at A381 (Figure 1B, (a)), 50-70%
yield at A295, A380, A476 and minor editing at various sites
(Supplementary Figure S2). This off-site editing was typ-
ically guideRNA-independent. Furthermore, the presence
of the R/G-motif was not strictly necessary under these

25nM, [Mg] = 3 mM). (C) Editing under low concentrations ((ADAR2] = 180 nM, [guideRNA] = 5 nM, [nRNA]

=0.5nM, [Mg]

conditions as demonstrated by sufficient editing when ap-
plying a 17 nt short, single-stranded guideRNA lacking the
R/G-motif (Figure 1B, (b)). Apparently, short RNA du-
plexes are already sufficiently recognized by ADAR2 un-
der these lax conditions. Consequently, we increased the
stringency by adding spermidine (2 mM, Figure 1B, (c
and d)). The additive diminished over-editing at all sites to
background except adenosine 381 that retained some resid-
ual activity (Figure 1B, (c)); Supplementary Figure S3). In
presence of spermidine, the guideRNA lacking the R/G-
motif was clearly inferior compared to the complete R /G-
guideRNA (Figure 1B, (d) versus (c)). We also tested the re-
verse case and demonstrated that the R /G-guideRNA does
not recruit the engineered SNAP-ADAR?2 deaminase that
lacks both dsRNA binding domains (Supplementary Fig-
ure S5). Thus, the recognition between R /G-motif and the
dsRBDs is required for editing.

Then we studied editing at low concentrations of the com-
ponents (Figure 1C). For this, we halved the ADAR?2 con-



centration to 180 nM and strongly decreased the concentra-
tions of the guideRNA (5 nM) and of the mRNA (0.5 nM).
Furthermore, the magnesium concentration was decreased
to physiological levels (1.5 mM). Notably, the editing re-
action run much more smoothly, and significant off-target
editing occurred only at adenosine 381 (50% yield, Figure
1C, (a)). The addition of spermidine was only possible to
0.5 mM before losing editing yield at the target, and hence,
off-site editing was only slightly reduced (Figure 1C, (c)),
Supplementary Figure S4). However, 0.5 mM spermidine
improved the necessity for the presence of the R/G-motifin
the guideRNA clearly (Figure 1C, (b) versus (d)). Overall,
off-target editing is controllable to some extent. Complete
inhibition, however, appears difficult in the PCR tube.

Editing is selective and efficient in cell culture

In contrast to our alternative SNAP-tag strategy
(29,34,35,37), this new strategy allows the ectopic ex-
pression of all components including the guideRNA inside
the cell. To demonstrate this, we made use of the U6
promotor that enables expression of uncapped small RNAs
with homogenous 5-GUGG-termini by RNA polymerase
IIT (45-47). Initially, we kept the successful guideRNA
architecture from the in vitro experiment, and put the
targeted adenosine 6 nt away from the R/G-motif, and
kept the adenosine mismatched with cytosine (Figure
2A). Initially, the mRNA binding template was 16 nt in
length. GuideRNAs were delivered on pSilencer U6 hygro
plasmids (Life Technologies). ADAR2 and the fluorogenic
reporter substrate were provided on pcDNA3.1 vectors
under control of the CMV promoter. Due to the better
brightness we changed the editing substrate from CFP to
eGFP (W58amber).

After co-transfection of all three plasmids (ADAR2,
GFP reporter, guideRNA) into 293T cells the fluorescence
phenotype was analyzed via fluorescence microscopy (Fig-
ure 2B). Initial optimization showed that a stoichiometry of
five guideRNA to one ADAR?2 plasmid was optimal. Trans-
fection with wt GFP served as positive control (Figure 2B,
(a)). The fluorescence of the Stop58 eGFP transcript was
only restored in presence of both components: ADAR?2 and
a guideRNA reverse complementary to the target site (Fig-
ure 2B, (e)). Applying no guideRNA (Figure 2B, (b)) or a
guideRNA that binds to the transcript, but 24 nt down-
stream the target site [not shown], showed no repair activ-
ity. This is in accordance with the strict requirement for a
dsRNA secondary structure at the editing site. Editing was
also absent when a catalytically inactive ADAR2 variant
(E396A) or no ADAR2 was used (Figure 2B, (c and d)). We
extracted total RNA from the cells, reverse transcribed and
amplified the eGFP transcript with specific primers to esti-
mate the editing yield by Sanger sequencing. This revealed a
single and specific A-to-G conversion at the targeted codon
with approximately 25% yield after 24 h (Supplementary
Figure S8) and up to 40% yield after 48 h (Figure 2B, (e)).
The Sanger sequencing trace covered the whole coding se-
quence of the reporter and revealed a highly specific edit-
ing. Only at adenosine 381, which was already prone to off-
target editing in vitro (Figure 1B and C), we found some mi-
nor (<5%) guideRNA-independent off-target editing (full
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trace see Supplementary Figure S6). However, by adjust-
ing the amount of co-transfected ADAR2 (see next para-
graph) this specific off-target editing event was completely
abolished.

Further control experiments demonstrated the benefit of
the R/G-motif in our guideRNAs. First, when applying our
R /G-guideRNA together with SNAP-ADAR2 (lacking the
dsRBD that recognize the R/G-motif) instead of human
ADAR?2 (Supplementary Figure S9), no editing took place.
Second, chemically stabilized, single-stranded guideRNAs
of 19 nt or 21 nt length that put the targeted adenosine al-
most centrally into an A:C mismatch but lacks the R/G-
motif elicited some minor editing but was clearly inferior
to the R/G-guideRNA in recruiting human ADAR?2 to the
reporter gene (Supplementary Figure S9).

Editing is further improved by optimizing the guideRNA

To further improve cellular editing we pursued several
strategies. First, a hairpin, derived from the BoxB-motif
(48,49), was included at the 3'-terminus of the R/G-
guideRNA to stabilize it. However, the effect was relatively
small. As the hairpin did not show any drawback for the
editing yields but facilitated cloning, the hairpin was in-
cluded in all guideRNA architectures that followed. We
then varied the length of the mRNA binding template from
18 to 29 nt with several intermediates (Figure 2C, and Sup-
plementary Figure S10). When using up to 20 nt, the edit-
ing yield stayed virtually unchanged around 40%. How-
ever, when increasing the mRNA binding site to 25 and
29 nt, the editing yield significantly dropped (Supplemen-
tary Figure S10). Furthermore, the risk for off-target editing
in the mRNA /guideRNA duplex increased with increasing
the guideRNA’s length (Figure 2C, Supplementary Figure
S10), reminiscent to the situation in the first editing trials
by Tod Woolf (33). We then systematically varied the dis-
tance between the editing site and the 5'-terminus of the
guideRNA (Figure 2D, Supplementary Figure S11). No-
tably, we found a bell-shaped distribution of the editing
yield. Whereas almost no editing was observed with two in-
tervening bases, the yield increased step-wise and reached
an optimum with 6 to 7 intervening bases and decreased
slowly for >8 nucleotides. Thus, changing the guideRNA
architecture from the original 10+1+5 nt design to 8+1+7
nt not only shifts the targeted bases further into the middle
of the mRNA /gRNA-duplex but also improves the editing
yield from around 40% up to 50% (Figure 2B versus 2D and
E). The same bell-shaped trend with a maximum around 7
intervening nucleotides was repeatedly found for the repair
of the R407Q missense mutation (5-CAG codon) in PINK 1
(Supplementary Figure S15). Under transient transfection,
editing increased until 48 h (50%), stayed constant until 72
h and then started to decline slowly (40% after 96 h, Supple-
mentary Figure S13). Finally, the amount of ADAR2 in the
transfection was optimized to reduce off-target editing. In-
deed, when reducing the amount of transfected ADAR?2 to
a range of 25-200 ng, the off-target editing had disappeared
without interfering target editing (Figure 2E, Supplemen-
tary Figures S7 and S14).
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Figure 2. Editing under transient expression in 293T cells. (A) Scheme of the mRNA /guideRNA duplex of the editing experiment shown in B. (B) Fluo-
rescence imaging of the GFP channel (50 ms exposure time for editing and positive control, 150 ms for negative controls) and RNA sequencing results for
cellular editing, 48 h post co-transfection of R /G-guideRNA, ADAR?2 and the W58X GFP reporter. E396A ADAR?2 is a catalytically inactive mutant. For
the editing experiment a duplicate is shown. (C-E) Optimization of cellular editing. (C) Inclusion of a 3'-terminal hairpin and variation of the length of
the mRNA binding platform from 18 to 29 nt, black arrows indicate the different lengths used. For additional traces and fluorescence imaging see Supple-
mentary Figure S10. Red arrows indicate the targeted base, red* indicate off-target editing in the sequencing traces. (D) Editing dependency when varying
the number of nucleotides (2-9) intervening the targeted adenosine and the R /G-motif. (E) Editing versus off-target editing using the optimal guideRNA
architecture (7 intervening bases, 16 nt mRNA template, 3’-hairpin) depending on the amount of transfected ADAR?2. If not indicated differently, plasmid
amounts were 300 ng ADAR?2, 300 ng W58X GFP, 1300-1600 ng guideRNA per well in 24-well-plates. For details see Supplementary Figures S8-S15.



Editing works efficiently under genomic expression of
ADAR2

Unfortunately, editing failed in 293T cells without overex-
pression of ADAR?2 from a plasmid (Figure 2B, (d)). By
RT-qPCR we could show that neither ADAR2 nor its typ-
ical endogenous target GluR2 is expressed in 293T cells.
The plasmid-borne ADAR?2 was on average expressed to
the ~11-fold mRNA-level of the reference gene B-actin
(Supplementary Figure S16). To better mimic endogenous
ADAR2-levels, we created a homogenous 293T cell line
containing a single genomic copy of human ADAR2 under
control of the CMYV tet-on promoter. Under full induction
with doxycycline, the mRNA-level of ADAR?2 was induced
to ~50% of that of the B-actin gene (Supplementary Fig-
ure S16). Into these cells, we transfected the W58X GFP
reporter and the optimized guideRNA (7 nt intervening,
3'-terminal hairpin) delivered on plasmids, as before. De-
pending on the amount of co-transfected guideRNA (400
1300 ng) editing yields of 45-65% were achieved (Figure
3A, Supplementary Figure S17). No off-target editing was
observed in the entire ORF of the reporter gene including
adenosine 381 (Figure 3A and Supplementary Figure S18).
This is in accordance with the experiments above show-
ing that decreasing ADAR?2 expression reduces off-target
editing. Notably, the editing yields under lower, but ho-
mogenous expression of ADAR2 were significantly better
than under transient expression. The advantage of the R /G-
motif seems even more pronounced under genomic com-
pared to strong transient ADAR?2 expression. The transfec-
tion of ADAR2-expressing 293 cells with chemically stabi-
lized, single-stranded guideRNAs of 19 nt and 21 nt length
did not elicit detectable editing (Supplementary Figure S9),
even though some minor editing was found under transient
ADAR?2 expression.

Editing of endogenous transcripts is possible by transfection
of the guideRNA only

We then tested the editing of endogenous transcripts, either
by co-transfection of the guideRNA with ADAR?2 in 293T
cells, or by sole transfection of the guideRNA into cells that
express ADAR?2 under control of doxycycline. Thirteen po-
tentially editable 5'-UAG triplets in six different genes (3-
actin, GAPDH, GPI, GUSB, VCP, RAB7A) were selected.
The genes were chosen to cover a range from highly ex-
pressed (like B-actin) to lowly expressed (like GUSB). The
editing sites were selected not to interfere with gene func-
tion, thus they have been located mainly in the 3’-UTRs. To
be able to compare the editing yields, only 5'-UAG triplets
were selected. The guideRNAs were equally designed for
all 13 sites following the rules developed above. Twelve out
of the 13 sites were editable with yields ranging from 10%
to 35% (Figure 3B). With the exception of the VCP and
RABT7A transcript, the editing yields seem to benefit from
the 20-fold higher ADAR2-level under transient compared
to genomic ADAR?2 expression. In contrast, the editing
yields did not depend on the transcript-levels. In B-actin,
for instance, two sites were edited well, whereas one site was
not edited at all. On the other hand GUSB, which is roughly
100-fold less expressed than B-actin, was edited to a similar

Nucleic Acids Research, 2017, Vol. 45, No. 5 2803

extent as B-actin and with the same trends for transient ver-
sus genomic ADAR?2 expression. Thus, other factors may
determine the editing success like the accessibility of the
edited site.

Guided RNA editing repairs the PINK1 W437amber muta-
tion and rescues mitophagy

To demonstrate the practical application we aimed to re-
pair a disease-causing point mutation under rescue of the
disease-relevant phenotype. The PINK1 W437Stop muta-
tion was selected as it is linked to an inheritable mono-
genetic form of Parkinson’s disease (40) and is characterized
by a well-known cellular phenotype (loss of mitophagy).
Assuming that all three Stop codons at position 437 in
PINK1 are disease-relevant, we chose the amber codon,
which is the best editable (42). Following the rules devel-
oped above, a guideRNA was designed that puts the amber
Stop codon at position 437 into an A:C mismatch in the
middle of a 16 nt mRNA /guideRNA duplex (Figure 3D).
The guideRNA was further stabilized by a hairpin at the
3’-terminus. Co-transfection of plasmids encoding PINK 1
W437amber, ADAR2 and the guideRNA in 293T cells re-
sulted in an editing yield of 35% (Figure 3D).

The established PINK 1 functional assay in HeLa cells
follows a complex protocol (41). First, endogenous wild-
type PINKI is knocked down by RNAi. Then mutated
PINK1 and eGFP-tagged Parkin are co-transfected on
plasmids, and the mitochondrial membrane potential of
the cells is depolarized by CCCP treatment. The CCCP-
induced PINK 1-dependent perinuclear clustering of Parkin
is typically visible after 2 h of CCCP treatment. After long-
term treatment (24 h CCCP) mitochondria are cleared from
the cytoplasm (mitophagy). To facilitate the protocol and
reduce the number of transfections, we simplified the as-
say. First, a stable PINK1 knock out (KO) HeLa cell line
was created using CRISPR-Cas9 (50) technology (for de-
tails see Supplementary Figure S20). Second, an editing vec-
tor was created that contains ADAR2-Hisg together with
five copies of the PINK1-guideRNA, each under control
of a U6-promotor (Figure 3C). This allowed us to apply a
triple (PINK1, Parkin, editing vector) instead of a quadru-
ple (PINK1, Parkin, ADAR2, guideRNA) co-transfection.
Furthermore, the editing vector ensures that guideRNA
and ADAR?2 are taken-up in a defined stoichiometry and
allows to deduce guideRNA expression from ADAR2 stain-
ing. The size of the vector was reduced to 7.4 kbp by remov-
ing all unnecessary parts of the backbone. A similar con-
struct that targets the W58X GFP reporter was functional
in 293T cells, however, suffering from slightly reduced edit-
ing yields (35% instead of 50%).

As shown in Figure 4A /B, (a), wild-type HeLa cells show
the typical perinuclear clustering of Parkin after 2 h CCCP
treatment in 89 + 3% of the Parkin-positive cells. This
clustering phenotype has been shown repeatedly (41,51) to
require functional PINK1. As expected, Parkin-clustering
disappeared in the PINK1-KO HeLa cell line, even when
W437amber PINKI1 was overexpressed from a plasmid
(Figure 4A/B, (b)), clearly showing that W437amber is un-
able to rescue the phenotype. However, Parkin-clustering
was fully rescued by co-transfection of PINK1 W437X
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Figure 3. (A) Editing with genomically integrated ADAR?2 in 293T cells under administration of the R/G-guideRNA and the W58X reporter only. (B)
Editing of endogenous transcripts. 293T cells were transfected with 300 ng ADAR2 and 1300 ng R/G-gRNA, 293T-ADAR?2 cells were induced with
10 ng/ml doxycycline and transfected with 1300 ng guideRNA. Most editing experiments are reported in duplicates. All sequencing traces are given in
Supplementary Figure S19. (C) Scheme of the editing vector that combines ADAR?2 and 5 identical copies of the guideRNA on a minimal plasmid. Editing
of W58X GFP in 239T cells under transient expression shows the functioning. (D) Scheme of the R/G-guideRNA against PINK 1 W437amber and editing
in 293T cells under transient transfection.
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Figure 4. Assaying PINK1 function. (A) Parkin-clustering during CCCP treatment. HeLa wild type or PINK 1-KO cells were transfected with the respective
plasmids and treated either with CCCP or DMSO (=CCCP 0 h) for 2 h or 24 h as indicated. Afterwards, PINK1 and ADAR2 were stained with antibodies,
Parkin was tagged with EGFP for subsequent fluorescence microscopy. The scale bars indicate 20 wm. (B) Analysis of the editing experiments (a) to (e)
shown in panel A. Top: quantification of cells with and without CCCP treatment for Parkin-clustering. The error bars give the standard deviation for N =
3 independent replications (always around 100 cells were counted). The asterisk(s) denote statistical significance when compared to sample (b) (2 h CCCP),
with *P < 0.05; **P < 0.005; ***P < 0.0005. Bottom: Sanger sequencing of the PINK1 transcript after RT-PCR. Only sample (c) showed detectable editing
as indicated by a red arrow. (a) to (f) in panel A and B correspond to the same experiments. (C) Restoration of the mitophagy phenotype by editing. After
long-term CCCP treatment (24 h), triple positive cells (expressing Parkin, PINK1 and the editing vector) show clearance of the mitochondria that were
visualized by Mito-Tracker (Red CMXRos) staining after CCCP washout (30 min). The Mito-Tracker and GFP channel have been merged to visualize
the mitochondrial Parkin localization after 2 h CCCP treatment. For better visualization of mitophagy, the Parkin-positive cells have been encircled. The
yellow asterisk (24 h CCCP treatment) marks an example of a cell that lacks PINK1 expression and hence did not perform mitophagy.
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together with the editing vector in 85+8% of the cells
positive for PINK1, Parkin and ADAR?2 expression. Co-
transfection of PINKlamber/Parkin with the guideRNA
or with ADAR?2 alone (Figure 4A /B, (d and e)) was unable
to rescue the clustering phenotype, even though some clus-
tering has been found occasionally in a low number of the
cells (<15%). Consequently, the presence of both compo-
nents of the editing system, the guideRNA and ADAR2,
are required to rescue the phenotype to the level seen
for the wild-type control. To asses editing efficiency, to-
tal RNA was extracted from cells, reverse transcribed with
PINK 1-specific primers and was Sanger-sequenced after
PCR amplification. Only in presence of both components,
guideRNA and ADAR2, editing of the PINK 1 W437amber
codon was detectable (ca. 10% yield). The formation of
full-length PINK1 after editing was further confirmed by
Western blot (Supplementary Figure S21). To ensure that
the rescue of Parkin-clustering was due to the repair of the
PINK1 W437amber codon, we co-transfected HeLa KO
cells with Parkin and the editing vector, but in absence of the
editing target PINK1 W437X. As expected no rescue was
detectable (Figure 4A, (f)). Obviously, restoring the loss-
of-function phenotype was only mediated by site-directed
RNA editing of the amber Stop codon of the transfected
PINK1 W437X construct. Finally, we provide data for the
PINK1/Parkin-mediated mitophagy, which is restored af-
ter editing of PINK1 W437amber (Figure 4A). For this,
the mitochondria of all cells were stained after 0 h, 2 h and
24 h of CCCP with Mito-Tracker (Red CMXRos). As be-
fore, after 2 h of CCCP treatment Parkin did clearly co-
localize with the perinuclear mitochondria. After 24 h of
CCCEP treatment, mitochondrial staining has disappeared
in PINK1/Parkin/ADAR?2 triple-positive cells but not in
cells that lack the expression of one or several of the trans-
fected components (Figure 4C, Supplementary Figure S23).
This confirms that the two stages of mitophagy, (41,51) the
Parkin-clustering (after 2 h of depolarization) and the clear-
ance of depolarized mitochondria (after 24 h of depolariza-
tion), are restored upon editing of PINK1 W437amber.

CONCLUSION

We demonstrate here the first strategy to harness wild-type
human ADAR?2 to stimulate site-selective RNA editing at
arbitrary mRNAs. The strategy relies on the ectopic expres-
sion of short, structured guideRNAs that base-pair to spe-
cific, user-defined mRNAs thereby mimicking the intronic
R/G-motif of the glutamate receptor transcript to recruit
wild-type human ADAR2 to stimulate A-to-I conversion.
In the PCR tube, we demonstrated the functionality of the
tool and the dependency on the structured R/G-motif. Se-
lective and efficient editing was achieved even though the
tendency for off-site editing required optimization of the
reaction conditions and was not entirely controllable. As
the guideRNAs can be expressed from an RNA polymerase
III promoter, the strategy is fully genetically encodable. We
have demonstrated the specific and efficient (up to 40%)
editing of a fluorescent reporter gene in 293T cells. Edit-
ing benefited from the presence of the structured R /G-motif
in the guideRNA, and the transfection of single-stranded,
chemically stabilized guideRNAs (with a binding site for

the target mRNA up to 21 nt) were not as efficient as our
guideRNAs with a 16 nt mRNA binding site plus the ad-
ditional R/G-motif. In contrast to in vitro editing, no off-
target editing was observed in the reporter gene within cells
once the amount of ADAR?2 plasmid was optimized. The
lower amount of ADAR?2 and the RNP-landscape inside
the living cell possibly protects the transcript from over-
editing without suppressing editing at the targeted adeno-
sine. Editing was further improved to a yield of ~50% by
optimizing the guideRNA architecture. In particular the
placement of the targeted adenosine with respect to the
R /G-motif was critical. The optimal architecture turned
out to deviate slightly from the natural R /G-site of GluR2.
The insertion of additional nucleotides seems reasonable to
accommodate the exit of the mRNA’s 3’'-part (28,43). Site-
directed RNA editing worked efficiently in a created 293T
cell line that expresses human ADAR2 from the genome
under the control of doxycycline. Even though ADAR2
mRNA-levels were >20-fold reduced compared to transient
expression conditions, improved editing yields (up to 65%)
were achieved. Furthermore, off-site editing in the reporter
was abolished and the amount of R/G-guideRNA could be
reduced. Finally, we demonstrated with a set of 13 sites in
six housekeeping genes that ADAR2 can be re-directed for
the editing of endogenously expressed transcripts. Impor-
tantly, this was also successful by ectopic expression of the
guideRNA alone into the engineered 293 cells that express
ADAR?2 moderately from a single genomic copy. However,
as the guideRNAs have not been optimized for these tar-
gets, editing yields stayed in a range of 10-35%. Further op-
timization of the guideRNAs may focus on the R /G-motif,
the mRNA binding-site, and chemical modifications (29).
In this work, we have mostly focused on the editing of 5'-
UAG triplets. We expect many other triplets to be well ed-
itable, (42) an example for 5'-CAG is shown in the Support-
ing Information (Supplementary Figure S15). However, one
can expect different triplets to be unequally well edited cor-
responding to the well-known preferences of the deaminase
domain (52).

To demonstrate the usefulness of the editing approach
in biological applications, we generated an editing vector
that contains one copy of human ADAR?2 and five copies
of the R/G-guideRNA. This vector allowed us to define
the stoichiometry of ADAR2 and the R/G-guideRNA in
the transfected cell and to strongly reduce the amount of
plasmid. We showed the functioning of the vector for the
repair of the W58X GFP reporter. The respective editing
vector against PINK1 W437X was functional to rescue the
PINK 1-mediated perinuclear clustering of Parkin and the
mitophagy phenotype in PINK 1-KO HeLa cells under tran-
sient transfection of the editing target. We could clearly
demonstrate the rescue to require the presence of the en-
tire editing machinery, the guideRNA and ADAR2, as well
as the presence of the editing target PINK1 W437X. Edit-
ing was specific and no other A-to-I editing event was de-
tectable in the Sanger sequencing trace, which covered ca.
600 nt (140 adenosines) of the PINK1 transcript (Supple-
mentary Figure S22). However, to assess how the guide-
RNA-dependent harnessing of ADAR?2 affects the edit-
ing homeostasis at natural editing sites, transcriptome-wide
deep RNA-sequencing would be required, preferentially in



an in vivo situation where endogenous ADAR?2 function
is detectable and required. The editing yield of 10% for
PINK 1 W437X can surely be further improved, for instance
by optimizing the co-transfection conditions in HeLa cells.
The apparent editing yield over the entire cell culture suffers
from the expression of PINK1 in the absence of the editing
components. Thus, we expect an editing yield higher than
10% in those cells that actually express the editing machin-
ery. Anyway, the rescue of this recessive loss-of-function
mutation in PINK1 may indeed only require a relatively
moderate repair yield.

Together, we have shown that harnessing human ADAR?2
for site-directed RNA editing allows recoding mRNAs to
levels high enough to manipulate disease-relevant cellu-
lar phenotypes. Other endogenous RNA-processing en-
zymes, including RNaseH and the RNA-induced silencing
complex (RNA interference), have been shown to be re-
addressable toward new targets by ectopic expression or
administration of short (chemically stabilized) guideRNAs
(53,54). The structured R/G-guideRNAs introduced here
are capable of recruiting human ADAR?2. It remains yet
unclear if they are able to recruit endogenously expressed
ADAR?2 for site-directed RNA editing. Certainly, they are
a good starting point for the development of improved
guideRNA architectures in the future. While RNAi and
RNaseH recruitment are limited to the up/down-regulation
of target transcripts, RNA editing allows for the active re-
coding and hence enables an entirely novel point of at-
tack. Currently, there is increasing success in the tailoring
of oligonucleotide drugs with respect to their efficacy, stabil-
ity, toxicology and delivery (55). Major breakthrough seems
to have happened in the therapeutic RNA interference field
currently (31,56,57). We feel confident that our work sets the
stage for the development of a novel therapeutic platform
that is based on the harnessing of human ADARs for the
repair of disease-relevant genes by either ectopic expression
or administration of chemically stabilized (29) guideRNAs.
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R/G-guideRNA synthesis

Templates for in vitro transcription were obtained by Phusion PCR templated with a pMG211 vector
that contains the guideRNA downstream of the hammer head cassette. The forward primer (5°-GGT
CAGGCCCAGGTTCTCCG) was chosen in a way that additional 280 bp were included before the T7
promotor to improve subsequent agarose gel work-up. The backward primer (5'-
ACTCTGTGCTGGGGTGGTGGG) was chosen such that the guideRNA ended cleanly with no additional
overhanging nucleotides. Shown is the PCR template from the T7 promotor until its 3’-end:

1 GCGAAATTAA TACGACTCAC TATAGGGGAA TTGTGAGCGG ATAACAATTC CCCTCTAGAA
T7 promotor
61 ATAATTTTGT TTAACTTTAA GAAGGAGATA TACATATGGC TAGCTATTCC ACCTGATGAG
HH-casette
121 TTTTTACGAA ACGTTCCCGT GAGGGAACGT C*GTGGAATAG TATAACAATA TGCTAAATGT
*=cut R/G-guideRNA
181 TGTTATAGTA TCCCACCACC CCAGCACAGA GT

R/G-guideRNA

After urea PAGE-purification the following 61 nt guideRNA results from iv-T7 transcription of the
above construct:

1 GUGGAAUAGU AUAACAAUAU GCUAAAUGUU GUUAUAGUAU CCCACCACCC
*C* AGCACAGAG U
*C* = counter base

Urea/TBE 8%-PAGE-separation of a guideRNA synthesis

Figure S1. Preparative urea/TBE 8%-
PAGE gel for the purification of the
in-vitro transcribed R/G-guideRNA
from the hammer head ribozyme.
Indicated are the position of the
uncut transcript (156 nt), the
hammer head ribozyme (95 nt), the
product (61 nt, cut out), and a 60 nt
ssDNA and a 20 nt ssDNA as
markers. The signal comes from UV
shadowing on a TLC plate.




In-vitro editing

RNA sequencing traces of the full eCFP ORF revealing different levels of off-target editing

Figure S2. Full sequencing trace corresponding to the trace shown in Figure 1B, a)




Figure S3. Full sequencing trace corresponding to the trace shown in Figure 1B, c)
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Figure S4. Full sequencing trace corresponding to the trace shown in Figure 1C, c)
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Figure S5. Control experiment to experiments shown in Figure 1B. The R/G-guideRNA recruits only wt
human ADAR2 but not SNAP-ADAR?2 for editing. Conditions are identical to Figure 1B.

SNAP-ADARZ + R/G-guideRNA wt human ADAR2 + R/G-guideRNA
+ 2 mM spermidine + 2 mM spermidine
no editing 80% editing

versus




Cellular editing

Gene & protein sequence of wt hADAR2 in the context of the pcDNA 3.1 vector, under control of the
CMV promotor and BGH terminator:

10 20 30 40 50 60

1 CTCGGATCCACCATGGATATAGAAGATGAAGAAAACATGAGTTCCAGCAGCACTGATGTG
1 BamH1 Mm D I E D EENMS S S S T DV
70 80 90 100 110 120

61 AAGGAAAACCGCAATCTGGACAACGTGTCCCCCAAGGATGGCAGCACACCTGGGCCTGGC
21 K ENRNULUDWNVSPKDGSTWPG P G
130 140 150 160 170 180

121 GAGGGCTCTCAGCTCTCCAATGGGGGTGGTGGTGGCCCCGGCAGAAAGCGGCCCCTGGAG
41 E GS QL S NGGGGGUP G R KR P L E
190 200 210 220 230 240

181 GAGGGCAGCAATGGCCACTCCAAGTACCGCCTGAAGAAAAGGAGGAAAACACCAGGGCCC
61 E 6 S NGHS KY RL KIKRIRIKTPGP
250 260 270 280 290 300

241 GTCCTCCCCAAGAACGCCCTGATGCAGCTGAATGAGATCAAGCCTGGTTTGCAGTACACA
81 v L P K NALMOQLNETI KPGL QY T
310 320 330 340 350 360

301 CTCCTGTCCCAGACTGGGCCCGTGCACGCGCCTTTGTTTGTCATGTCTGTGGAGGTGAAT
101 L L SQTGWPVHAPLZFVMSV E VN
370 380 390 400 410 420

361 GGCCAGGTTTTTGAGGGCTCTGGTCCCACAAAGAAAAAGGCAAAACTCCATGCTGCTGAG
121 G Q VF EGSGUPTI K K KAIKILWHAAE
430 440 450 460 470 480

421 AAGGCCTTGAGGTCTTTCGTTCAGTTTCCTAATGCCTCTGAGGCCCACCTGGCCATGGGG
141 K A°LRSFVQFPNASIEAHILAMSG
490 500 510 520 530 540

481 AGGACCCTGTCTGTCAACACGGACTTCACATCTGACCAGGCCGACTTCCCTGACACGCTC
161 R T L SV NTIDJFTSDQADUFUPDTL
550 560 570 580 590 600

541 TTCAATGGTTTTGAAACTCCTGACAAGGCGGAGCCTCCCTTTTACGTGGGCTCCAATGGG
181 F NGFETWPUDI KAEWPZPFY VG S NG
610 620 630 640 650 660

601 GATGACTCCTTCAGTTCCAGCGGGGACCTCAGCTTGTCTGCTTCCCCGGTGCCTGCCAGC
201 b bsSF SSSGDL SL SASPV P A'S
670 680 690 700 710 720

661 CTAGCCCAGCCTCCTCTCCCTGCCTTACCACCATTCCCACCCCCGAGTGGGAAGAATCCC
221 L AQPPLPALUPPFZPPPS G KNP
730 740 750 760 770 780

721 GTGATGATCTTGAACGAACTGCGCCCAGGACTCAAGTATGACTTCCTCTCCGAGAGCGGG
241 v M1 L NELIRWPGLIKYDJFULSE S G
790 800 810 820 830 840

781 GAGAGCCATGCCAAGAGCTTCGTCATGTCTGTGGTCGTGGATGGTCAGTTCTTTGAAGGC
261 E S HAKSFVWMSVVVDGQF F E G



841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

850 860 870 880 890 900
TCGGGGAGAAACAAGAAGCTTGCCAAGGCCCGGGCTGCGCAGTCTGCCCTGGCCGCCATT
S GR NKKLAKARAAQSALAAII

910 920 930 940 950 960
TTTAACTTGCACTTGGATCAGACGCCATCTCGCCAGCCTATTCCCAGTGAGGGTCTTCAG
FNLHLDOQTWPSROQP 1T P S E G L Q

970 980 990 1000 1010 1020
CTGCATTTACCGCAGGTTTTAGCTGACGCTGTCTCACGCCTGGTCCTGGGTAAGTTTGGT
L HLPQ VL ADAVSRULVLGKFG

1030 1040 1050 1060 1070 1080
GACCTGACCGACAACTTCTCCTCCCCTCACGCTCGCAGAAAAGTGCTGGCTGGAGTCGTC
b L TDNZFSSPHARRIKYVLAGVYV

1090 1100 1110 1120 1130 1140
ATGACAACAGGCACAGATGTTAAAGATGCCAAGGTGATAAGTGTTTCTACAGGAACAAAA
M T TG T DV KDAKV I SV S TG T K

1150 1160 1170 1180 1190 1200
TGTATTAATGGTGAATACATGAGTGATCGTGGCCTTGCATTAAATGACTGCCATGCAGAA
c 1 NG EY M S DI RGLALNUDT CMHAE

1210 1220 1230 1240 1250 1260
ATAATATCTCGGAGATCCTTGCTCAGATTTCTTTATACACAACTTGAGCTTTACTTAAAT
I 1 SRR SLLWRUFLY TOQULETULY L N

1270 1280 1290 1300 1310 1320
AACAAAGATGATCAAAAAAGATCCATCTTTCAGAAATCAGAGCGAGGGGGGTTTAGGCTG
N K DDQ KR S 1 FQ K S EIR G G F R L

1330 1340 1350 1360 1370 1380
AAGGAGAATGTCCAGTTTCATCTGTACATCAGCACCTCTCCCTGTGGAGATGCCAGAATC
K ENV QF HLY 1 S TSUPCGUDARI

1390 1400 1410 1420 1430 1440
TTCTCACCACATGAGCCAATCCTGGAAGAACCAGCAGATAGACACCCAAATCGTAAAGCA
F S P HEWP 1 L EEPADI RUHPNRKA

1450 1460 1470 1480 1490 1500
AGAGGACAGCTACGGACCAAAATAGAGTCTGGTGAGGGGACGATTCCAGTGCGCTCCAAT
R 66 Q LRTIK1I1 ESGESGTTI1 PV R SN

1510 1520 1530 1540 1550 1560
GCGAGCATCCAAACGTGGGACGGGGTGCTGCAAGGGGAGCGGCTGCTCACCATGTCCTGC
AAS 1 Q T wDSGVLQGERULILTWMSC

1570 1580 1590 1600 1610 1620
AGTGACAAGATTGCACGCTGGAACGTGGTGGGCATCCAGGGTTCCCTGCTCAGCATTTTC
S DK 1 ARWNWVV G111 QG S L L S 1 F

1630 1640 1650 1660 1670 1680
GTGGAGCCCATTTACTTCTCGAGCATCATCCTGGGCAGCCTTTACCACGGGGACCACCTT
vV E P I Y F S S 1 1 L GS L Y HGDHL

1690 1700 1710 1720 1730 1740
TCCAGGGCCATGTACCAGCGGATCTCCAACATAGAGGACCTGCCACCTCTCTACACCCTC
S RAMY QR 1T SN1T EDL PP LY TIL
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1750 1760 1770 1780 1790 1800

1741 AACAAGCCTTTGCTCAGTGGCATCAGCAATGCAGAAGCACGGCAGCCAGGGAAGGCCCCC
581 N K PLL S GI1 S NAEARIGQZPGKAP
1810 1820 1830 1840 1850 1860
1801 AACTTCAGTGTCAACTGGACGGTAGGCGACTCCGCTATTGAGGTCATCAACGCCACGACT
601 NF SV NWTVGDSAI EV I NATT
1870 1880 1890 1900 1910 1920
1861 GGGAAGGATGAGCTGGGCCGCGCGTCCCGCCTGTGTAAGCACGCGTTGTACTGTCGCTGG
621 G K DELGWRASWIRILT CIKUHALYTCUZRW
1930 1940 1950 1960 1970 1980
1921 ATGCGTGTGCACGGCAAGGTTCCCTCCCACTTACTACGCTCCAAGATTACCAAACCCAAC
641 M R V HG K V P S HULULI RS K I T K P N
1990 2000 2010 2020 2030 2040
1981 GTGTACCATGAGTCCAAGCTGGCGGCAAAGGAGTACCAGGCCGCCAAGGCGCGTCTGTTC
661 VY HE S KLAAIKIEY Q A A KAWRL F
2050 2060 2070 2080 2090 2100
2041 ACAGCCTTCATCAAGGCGGGGCTGGGGGCCTGGGTGGAGAAGCCCACCGAGCAGGACCAG
681 T A F I K AGL G AWV E K P TE Q D Q
2110 2120 2130 2140 2150
2101 TTCTCACTCACGCCCTCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAG
701 F S L TWPSIRGWPY SI1T VS P K C =*
Xba-1

Gene and protein sequence of W58X eGFP in the context of the pcDNA 3.1 vector

10 20 30 40 50 60

1 CTCGGATCCACCATGGCTAGCAAAGGAGAAGAACTCTTCACTGGAGTTGTCCCAATTCTT
1 BamH1 M A S K GEELF TGV V P 1 L
70 80 90 100 110 120

61 GTTGAATTAGATGGTGATGTTAACGGCCACAAGTTCTCTGTCAGTGGAGAGGGTGAAGGT
21 vV E L Db GDVNSGHI KT FSV S G E G E G
130 140 150 160 170 180

121 GATGCAACATACGGAAAACTTACCCTGAAGTTCATCTGCACTACTGGCAAACTGCCTGTT
41 b ATY G KLTULI KU F1 CTTG KL PV
190 200 210 220 230 240

181 CCGTAGCCGACACTAGTGACGACGCTCTGCTATGGCGTCCAGTGCTTTTCAAGATACCCG
61 p P TL V TTLOCY GV QCF SR Y P

W58x

250 260 270 280 290 300

241 GATCACATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAA
81 D HMKRHDFFKSAMPETGY V Q E
310 320 330 340 350 360

301 AGGACCATCTTCTTCAAAGATGACGGCAACTACAAGACACGTGCTGAAGTCAAGTTTGAA
101 R T 1 FF KDWDGNYKTRAEV K F E
370 380 390 400 410 420

361 GGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGACTTCAAGGAAGATGGCAAC
121 G bDTULVNRIELIKSGTI DFKEDGN

11



421
141

481
161

541
181

601
201

661
221

721
241

781
261

430 440 450 460 470 480
ATTCTGGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGAC
Il L G H KLEYNYNZSHNWVY 1T MAD

490 500 510 520 530 540
AAACAAAAGAATGGAATCAAAGTGAACTTCAAGACCCGCCACAACATTGAAGATGGAAGC
K Q K NG I KV NF K TIRHNT1T1TED G S

550 560 570 580 590 600
GTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTA
vV QL ADHY Q Q N TP I G DGUPV L L

610 620 630 640 650 660
CCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGA
P DNHY L STQS AL S KDPNE KR

670 680 690 700 710 720
GACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAA
DHMVLLEFVTAAGI THGMDE

730 740 750 760 770 780
CTATACAAATCCGGCTCTAGAGGGCCCTTCGAACAAAAACTCATCTCAGAAGAGGATCTG
LYy K S GSRGPFEQIKUL1T S EEDL

790 800 810 820 830 840

AATATGCATACCGGTCATCATCACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCG

N MHTGHUHTHTHHH

* V *

Gene sequence of a 16 nt R/G-guideRNA against eGFP W58X in the context of the pSilencer vector

CGGAAGAGCG CCCAATACGC AAACCGCCTC TCCCCGCGCG TTGGCCGATT CATTAATGCA

1
Sapl

61 GCTGGCACGA CAGGTTTCCC
121 GTTAGCTCAC TCATTAGGCA
181 GTGGAATTGT GAGCGGATAA
241 GCAACGATTT AGGTGACACT
301 AGAGAGAATT ACCCTCACTA
361 AGGCAAAACG CACCACGTGA
421 AGGAAGAGGG CCTATTTCCC
481 GAGAGATAAT TAGAATTAAT
541 GTAGAAAGTA ATAATTTCTT
601 ATCATATGCT TACCGTAACT
661 AAGGACGCGG GATCC
AGTATCCCAC

P S—
721

GACTGGAAAG
CCCCAGGCTT
CAATTTCACA
ATAGAAGAGA
AAGGGAGGAG
CGGAGCGTGA
ATGATTCCTT
TTGACTGTAA
GGGTAGTTTG
TGAAAGTATT

CGGGCAGTGA
TACACTTTAT
CAGGAAACAG
AGGAATTAAT
AAGCATGAAT
CCGCGCGCCG
CATATTTGCA
ACACAAAGAT
CAGTTTTAAA
TCGATTTCTT

transcription start

TCGGCCACGG AACAGGTTTT TTGGAAAGCT TGG

mRNA template U6-term.

Hindl 11

GCGCAACGCA
GCTTCCGGCT
CTATGACATG
ACGACTCACT
TCCCCAGTGG
AGCGCGCGCC
TATACGATAC
ATTAGTACAA
ATTATGTTTT
GGGTTTATAT

R/G-motif

ATTAATGTGA
CGTATGTTGT
ATTACGAATT
ATAGGGAGAG
AAAGACGCGC
AAGGTCGGGC
AAGGCTGTTA
AATACGTGAC
AAAATGGACT
ATCTTGTGGA

*GTGGA ATAGTATAAC AATATGCTAA ATGTTGTTAT

12



Table S1. List of all R/G-gRNAs used in cell culture. Given is the mRNA binding site and the 3 -
terminal hairpin (highlighted in gray) if applicable. The invariant R/G-motif is omitted for clarity.

Name of R/G-gRNA

Sequence of the mRNA binding site

Experimental

5‘4}3‘ numbel’

W58X GFP P6 16nt UCGGCCACGGAACAGG Fig. 2B
W58X GEP P6 18Nt + boxB géjGGCCACGGAACAGGCAUCUAGAGGGCCCUGAAGAGGGC Fig. 2C / Fig. S10
W58X GEP P 20Nt + boxB UCGGCCACGGAACAGGCAGUUCUAGAGGGCCCUGAAGAGG  Fig. 2C / Fig. S10

Geee

UCGGCCACGGAACAGGCAGUUUGCCUCUAGAGGGCCCUGA  Fig. 2C / Fig. S10
W58X GFP P6 25nt + boxB =

UCGGCCACGGAACAGGCAGUUUGCCAGUAUCUAGAGGGCC  Fig. 2C / Fig. S10
W58X GFP P6 29nt + boxB I
W58X GFP P3 16 nt + boxB GGCCACGGAACAGGCAUCUAGAGGGCCCUGAAGAGGGCCC  Fig. 2D / Fig. S11
W58X GFP P4 16 nt + boxB CGGCCACGGAACAGGCUCUAGAGGGCCCUGAAGAGGGCCC  Fig. 2D / Fig. S11
W58X GFP P5 16 nt + boxB UCGGCCACGGAACAGGUCUAGAGGGCCCUGAAGAGGGCCC  Fig. 2D / Fig. S11
W58X GFP P7 16 nt + boxB GUCGGCCACGGAACAGUCUAGAGGGCCCUGAAGAGGGCCC  Fig. 2D / Fig. S11
W58X GFP P8 16 nt + boxB UGUCGGCCACGGAACAUCUAGAGGGCCCUGAAGAGGGCCC  Fig. 2D / Fig. S11
W58X GFP P9 16 nt + boxB GUGUCGGCCACGGAACUCUAGAGGGCCCUGAAGAGGGCCC  Fig. 2D / Fig. S11
W58X GFP P10 16 nt + boxB  AGUGUCGGCCACGGAAUCUAGAGGGCCCUGAAGAGGGCCC  Fig. 2D / Fig. S11
R407Q PINK-1 P4 16 nt + boxB CCCCGAUCCACGUACCUCUAGAGGGCCCUGAAGAGGGCCC Fig. S15
R407Q PINK-1 P5 16 nt + boxB GCCCCGAUCCACGUACUCUAGAGGGCCCUGAAGAGGGCCC Fig. S15
R407Q PINK-1 P6 16 nt + boxB CGCCCCGAUCCACGUAUCUAGAGGGCCCUGAAGAGGGCCC Fig. 515
R407Q PINK-1 P7 16 nt + boxB CCGCCCCGAUCCACGUUCUAGAGGGCCCUGAAGAGGGCCC Fig. 515
R407Q PINK-1 P8 16 nt + boxB UCCGCCCCGAUCCACGUCUAGAGGGCCCUGAAGAGGGCCC Fig. 515
R407Q PINK-1 P9 16 nt + boxB UUCCGCCCCGAUCCACUCUAGAGGGCCCUGAAGAGGGCCC Fig. 515
R407Q PINK-1 P10 16 nt + UUUCCGCCCCGAUCCAUCUAGAGGGCCCUGAAGAGGGCCC Fig. 515

boxB

W437X Amber PINK-1 P8 16

CACUGCCCAGGCAUCAGGGCCCUCUUCAGGGCCC

Fig. 3C / Fig. 3D /

nt + boxB Fig. 4
i'oL:(LR TAGHL Actin PB16nt+ ) - cAACCAAGUCAUAUCUAGAGGGCCCUGAAGAGGGEEE Fig. 38
z'oL:(LR TAGH2 Actin PE 16 Nt+ 1 A UGACCAUUAAAAAUCUAGAGGGECCUGAAGAGGGECE Fie. 38
i;liTBR TAGH3 Actin PB16nt+ -\ AUGCCAUCACCUCUCUAGAGGGCCCUGAAGAGGGEEE e 38
i'EIfBTAG#l GAPDHP8 16Nt ) GGGGUCCACAUGGCAUCUAGAGGGECCUGAAGAGGGCEE e 38

Fig. 3B

3'UTR TAG#2 GAPDH P8 16 nt

GGCUCCCCAGGCCCCUUCUAGAGGGCCCUGAAGAGGGCCC
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+ boxB

Zgi;v TAGHLGPIP8IONt* )6 CCGUCCACCAGGAUUCUAGAGGGCCCUGAAGAGGGEEE e 38
tiiGBL TAGHLGUBPB BN+ () G AUUCCAGGUGGGAUCUAGAGGGECCUGAAGAGGGECE Fie. 38
f)'OL:(LR TAGH2GUSBPBIBNt+ ) CUGCCAGAAUAGAUCUAGAGGGCCCUGAAGAGGGCEE Fie. 38
i;L:(TBR TAGHLVCPP8I6Nt+ () GCCCACCAAAUGUCUAGAGGGECCUGAAGAGGGECE Fie. 38
iIOLiTBR TAGHZVCPPBIbNt+ () AACCACAACAGAUCUAGAGGGCCCUGAAGAGGGEEE e 38
i;iTBR TAGHSVCPP8I6Nt+ )\ CACCCACCCAGGUUCUAGAGGGECCUGAAGAGGGEEE e 30
i'E;:BTAG#l RABZAPBI6Nt )G CCGECAGCUGGAUUCUAGAGGGECCUGAAGAGGGECE Fie. 38
3'UTR TAG#2 RAB7A P8 16 nt Fig. 3B

+ boxB

AGGGAACCAGACAGUUUCUAGAGGGCCCUGAAGAGGGCCC
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RNA sequencing traces of the full eGFP ORF

Figure S6. Full sequencing trace corresponding to the trace shown in Figure 2B, e), first experiment

15



Figure S7 Full sequencing trace corresponding to the trace shown in Figure 2E, 50 ng experiment
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Figure S8: The prolongation of the editing time from 24 hours to 48 hours increases the editing
yield in cell culture. All editing samples included the amount of 300 ng W58X eGFP plasmid, 300 ng
of ADAR2 plasmid and 1300 ng / 1600 ng of R/G-gRNA plasmid ( c)-f) ). The positive controls
contained 300 ng eGFP plasmid, 300 ng of ADAR2 plasmid and 1300 ng of R/G-gRNA ( a), b) ). An
increment of the fluorescent signal is obtained for the positive controls by prolonging the incubation
time up to 48 hours (a-b), as well as for the two editing samples (c->e, d->f). The amount of

fluorescing cells and the editing yields were increased for both editing samples. Total magnification:
100x, GFP exposure time: 50 ms.

a) Positive control 24h b) Positive control 48h
ADAR, GFP, gRNA ADAR, GFP, gRNA

ad

d) editing 24h
ADAR, W58X GFP, 1600 ng gRNA

30%
e) editing 48h
ADAR, W58X GFP, 1300 ng gRNA
41%
G T G G
v
0 N
44% /
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Figure S9: Comparing the editing efficiency using chemically stabilized single-stranded (ss)
gRNA and U6-driven unstructured ss guideRNAs, and replacement of ADAR2 by SNAP-
ADAR2. A) & B) Replacement of the R/G-gRNA plasmid by a ss-gRNA transfection: A) co-
transfection of 500 ng W58X eGFP and 100 ng ADAR2 plasmid; B) transfection of 500 ng W58X
eGFP plasmid plus induction of ADAR2 with 10 ng/mL doxycycline. 24 hours after plasmid
transfection in 24-wells, the cells were detached and reseeded in a 96-well format and directly reverse
transfected with 10 pmol (A) or 20 pmol (B) ss-gRNA. After 48h, fluorescence images were taken and
RNA was isolated. In the controls a), 260 ng R/G-guideRNA have been transfected. The chemically
stabilized guideRNAs contain 2"-O-methyl groups globally apart from a 3 nt gap around the adenosine
to be edited, and terminal phosphorothioates. The full guideRNA sequences are given in
Hanswillemenke et al., JACS 2015. C) & D): U6-driven expression of unstructured guideRNAs.
Cotransfection in 24-well format: 300 ng W58x eGFP and 1300 ng respective U6-driven guideRNA-
vector, in case of C) 100 ng ADAR2 plasmid, in case of D) 10 ng/ml doxycycline. Fluorescence
imaging was taken 48 hrs post transfection. The placement of the unstructured guideRNAs (C) and
D)) relative to the mRNA is given, 1* stands for the edited adenosine. Negative control z) was like all
four positive controls a), but with SNAP-ADAR?2 instead of human ADAR2. Total magnification: 100x,
GFP exposure time: 50 ms.
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Editing with chemically stabilized ss guideRNAs

A) transient ADAR2 expression in 293T cells B) genomic ADAR2 dox-induced expression in 293T-FlipIN cells

a) poswtlve edllmq control: RG-
- F

gRNA on a plasmid a) positiv ecging control: RG-gRNA on a plasmid
B 4 ¥

| i 5
<t ca. 50%
b) negativ ed\tlng4c‘onlrol no gRNA)
:c) 19 nt chemically stabilized ss gRNA c) 19 nt chemically stabilized ss gRNA
N <10% <5%
I\ I\
qrd}Zﬂ nt chemically stabilized gRNA
/\ <10% <5%
[ \._\_.._,;A
Editing with U6-driven, unstructured ss guideRNAs
C) transient ADAR2 expression in 293T cells D) genomic ADAR2 dox-induced expression in 293T-FlipIN cells o
== RIG-motif

a) positive editing control: 16 nt pos. 7 RG-gRNA a) positive editing control: 16 nt pos. 7 RG-gRNA mRNA binding site

2 [ }\* . F o S
el s 9-1-6nt+R/G
LT c

z) addtional negative editing control:
b) negallv editing control (no gRNA RG-gRNA with SNAP-ADAR?2 overexpression
. " et

e

b} negatw edmng control (no gRNA

; 16 nt pos 7 §5- gRNA ¢) 16 nt pos.7 ss-gRNA

[ S —
. 9-1-6nt

19ntpos? s-gRNA
12 - 1*- 6 nt
8-1*-10nt
;021 nt pos.7 ss-gRNA
14 - 1*- 6 nt
0) 21 nt pos.13 ss-gRNA
8-1*12nt
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Figure $10: Microscopy analysis and editing yields of R/G-gRNAs with varying length of the flexible
part and off-target editing at position 53. The strongest fluorescent signal and highest editing yield
was obtained for a R/G-gRNA with 16 or 18 nt length of the mRNA binding site. With the
prolongation of the mRNA binding site of the R/G-gRNA less fluorescent signal and lower editing
yields were observed. The off-target adenosine at position 53 is edited up to 10% if a 25 nt and 29 nt
long R/G-gRNA is used for the editing reaction. Total magnification: 100x, GFP exposure time: 50 ms.

a) positive control b) negative control
ADAR, GFP, gRNA ADAR, W58X GFP, gRNA

e) editing
ADAR, W58X GFP, gRNA 20 nt

39% 0%
A A A
%
31% 9% :;': -".‘ .‘J “'. :.’
,.-" "-;‘I _"‘..-" \
Lar > G T A G A A A
g) editing
ADAR, W58X
v *
30% /| 10%
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Figure $11: Effect of variable positions of the W58X eGFP R/G-gRNA towards the target adenosine
in cell culture. Co-transfection of 300 ng W58X eGFP and ADAR2 plasmid together with 1300 ng of
the tested position of the R/G-gRNA was performed in a 24-well plate format. The microscopic
analysis and RNA isolation for sequence analysis was performed 48 hours post transfection. The R/G-
gRNAs positions 3 until 10 are abbreviated by P3 — P10 (this equals 2-9 intervening nucleotides).
Starting from the R/G-gRNA position 3 an increasing fluorescent signal and amount is visible until
R/G-gRNA position 8. The R/G-gRNA position 9 and 10 showed a dropping fluorescent signal. The
microscopic results are confirmed by the sequence analysis and demonstrate that R/G-gRNA position
8 was the most successful guideRNA to achieve maximum editing yields. Total magnification: 100x,
GFP exposure time: 50 ms.

a) positive control b) negative control
ADAR, GFP, gRNA ADAR, W58X GFP, gRNA

c) editing d) editing e) editing f) editing
position 3 gRNA position 4 gRNA position 5 gRN position 6 gRNA

'_-_.-:- (P - = 5 y ¢ Wj-’
5 . ANy - ¥

G T G G T G aa G & T G
g) editing h) editing i) editing j) editing
position 7 gRNA position 8 gRNA position 9 gRNA position 10 gRNA
¥ ] Tty 7 LU s e i i
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continuation Figure S11, replication of the positional effect.

Replication 1: 24-well format, 300 ng ADARZ2 plasmid,
300 ng W58X plasmid, 1600 ng R/G-guideRNA plasmid,
imaging 48 hrs post transfection, total magnification 100x,
50 ms exposure

a) negative control: no guideRNA f) negative control: no ADAR

Replication 2: exactly as replication 1, but 1300 ng R/G-
guideRNA

a) pos. 3 guideRNA e)

b) pos. 3 quideRNA g) pos. 7 quideRNA pos. TQuideRNA .

.

¢) pos. 4 guideRNA b) pos. 4 guideRNA

h) pos. 8 guideRNA

d) pos. 5 guideRNA

i) pos. 9 guideRNA c) pos. 5 guideRNA g) pos. 9 guideRNA

e) pos. 6 guideRNA i) pos. 10 guideRNA 0s. 6 quideRNA h) pos. 10 guideRNA
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Figure S12: Effect of variable amounts of ADAR2 and R/G-gRNA plasmids in cell culture.
Different amounts of R/G-gRNA P8 plasmid were transfected in 24-well plate format together with a
constant amount of 300 ng W58X eGFP and ADAR2 plasmid (P8 equals 7 intervening nucleotides).
Higher amounts of R/G-gRNA plasmid resulted in more and stronger fluorescence, as well as in

higher editing levels. Total magnification: 100x, GFP exposure time: 50 ms.
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a) positive control b) negative control c) editing d) editing
ADAR, GFP, gRNA ADAR, W58X GFP, gRNA 650 ng gRNA 750 ng gRNA

G T G G

e) editing f) editing g) editing h) editing
1000 ng gRNA 1300 ng gRNA 2000 ng gRNA

G T G G G T G G G T G G G T G G
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Figure S13: Prolongation of the editing time for the R/G-gRNA position 8 (position 8 equals 7
intervening nucleotides). The co-transfection experiment of 300 ng W58X eGFP plasmid, 300 ng of
ADAR?2 plasmid and 1300 ng or 1600 ng R/G-gRNA P8 plasmid was performed in a 24-well format.
The editing efficiency was analyzed 24h, 48h, 72h and 96h post transfection. The positive control
showed the strongest fluorescent signal for 48 hours of incubation. Shorter and longer incubation led
to a reduced eGFP signal. For both chosen R/G-gRNA P8 plasmid amounts an increasing fluorescent
signal and amount until 72h of incubation was visible. The eGFP intensity and amount of cells was
declining after 96h of incubation. The sequence analysis confirmed the fluorescent microscopy: the
editing yields increased until 72 hours of editing time and decreased after 96h again. Total

magnification: 100x, GFP exposure time: 50 ms.
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Figure S14: Effect of decreasing amounts of transfected ADAR2 plasmid on the editing yield and
the off-target editing at position A381. In a 24-well format cells were co-transfected with 300 ng
W58X eGFP and 1300 ng R/G-gRNA-P8 (P8 equals 7 intervening nucleotides) together with varying
amounts of ADAR2 plasmid. The microscopic analysis and RNA isolation was carried out 48 h post
transfection. The decrease of the ADAR2 plasmid down to 50 ng reduces the editing yield by 5 %
compared to the starting concentration of 300 ng. The usage of 25 ng of ADAR2 plasmid markedly
lowers the editing level down to 36% compared to 52% editing yield for 300 ng of ADAR2 plasmid.

The reduction of the transfected ADAR2 plasmid amount led to a decrease at the off-target site A381

eGFP. Transfection of 100 ng or lower ADAR2 plasmid amount completely prevents the off-target
editing. Total magnification: 100x, GFP exposure time: 50 ms.
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Figure $15 Editing depends on the position of the targeted adenosine to the R/G-motif. This was also
found for editing of the R407Q site in PINK1 in 293 cells analog to the experiments shown in Figure
2D. (n=3)

Editing in HEK-293T-Cells transfected with 300 ng ADAR2, 300 ng
PINK-1 R407Q and 1300 ng of RG gRNAs with the indicated
intervening nt distance to the editing position (n=3. Ratio of
Lipofectamine to Plasmid 3:1)
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Figure S16. gPCR analysis of ADAR2 expression. The relative ADAR2 mRNA amount in 293T cells
transiently transfected (trans.) with ADAR2 and 293T cells with a genomically integrated copy of
ADAR2 controlled by a CMV tet-on promoter (integr.) was determined by quantitative real-time PCR
(qPCR) after 24h (doxycycline induced expression of integr. ADAR2) and 48h (expression of trans. and
integr. ADAR2). For this, RNA was extracted from cell lysates (RNeasy MinElute Kit, Qiagen). After
DNasel digestion (NEB) and reverse transcription (high capacity cDNA reverse transcription kit,
Applied Biosystems), 20 ng cDNA was mixed with Fast SYBR Green Master Mix (Applied Biosystems)
and analyzed by the 7500 Fast Real-Time PCR System (Applied Biosystems). (A) For determining gene
expression, primers were designed for targeting ADAR2 and the housekeeping genes f3-actin,
glyceraldehyde-3-phophate dehydrogenase (GAPDH), 3-glucuronidase (GUSB) and TATA-box binding
protein (TBP), (B) shows an example of the sybr green traces during gPCR. (C) gPCR of ADAR2 and the
housekeeping gene was performed in triplicates and duplicates, respectively. The table displays the
mean values of the cycles where the fluorescence crosses the threshold of 0.2 (ct values). (D) Based
on these ct values, the expression of ADAR2 compared to housekeeping gene expression was
determined in 293T cells after transient ADAR2 transfection or doxycycline induction by the delta ct
equation. (E) To compare ADAR2 expression of ADAR2 transiently transfected 293T cells and ADAR2
genomically integrated 293T cells after 48h of expression, two methods were applied. In method 1, a
calibration curve was generated from 1:5 dilutions of 20 ng cDNA of transiently transfected 293T
cells (mean values from triplicates with standard derivation). For normalization, the corresponding ct
(ADAR2) values were divided by the ct-value of 8-actin for 20 ng cDNA. In method 2, the delta-delta
ct method was used to calculate difference in ADAR2 expression.

(A) Primers for qPCR
Gene Sequence (5’ to 3’) Product size
ADAR2 fw.: CGGAGATCCTTGCTCAGATT 99 bp

rev.: CCCTCGCTCTGATTTCTGAA

S-actin fw.: CGGGACCTGACTGACTAC 91 bp
rev.: TAATGTCACGCACGATTTCC

GAPDH fw.: CAACAGCCTCAAGATCATCAG 96 bp
rev.: CCTTCCACGATACCAAAGTTG

GUSB fw.: ACCTGTTCAAGTTGGAAGTG 93 bp
rev.: CACCTGGCACCTTAAGTTG

TBP fw.: CGGAGAGTTCTGGGATTGTA 90 bp

rev.: GAAGTGCAATGGTCTTTAGGT
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(B) An example of the raw data for transient ADAR2 expression (300 ng) in 293T cells.
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(C) Measured ct-values of all experiments. Values are averaged from three technical replicates for
ADAR2 and two technical replicates for the housekeeping genes

Sample ct (ADAR2) | ct (B-actin) | ct (GAPDH) | ct (GUSB) | ct (TBP)
© 293T 25.061 18.089 16.88 24.829 | 24.174
F | 293T + 300ng ADAR2, 48h 14.195 17.710 16.532 25.08 | 24.356
293-pcDNAS + Dox, 24h 23.807 17.143 16.617 23.935 | 23.086
quj;; 293-ADAR2 without Dox 20.916 16.733 16.199 23.696 22.72
E 293-ADAR2 + Dox, 24h 18.710 17.483 16.941 24.093 | 23.546
293-ADAR2 + Dox, 48h 18.633 17.654 16.766 24.651 | 23.784

(D) Calculation of relative expression levels from the Act values for ADAR2 versus four housekeeping
genes

Sample R-actin | GAPDH | GUSB TPB
© 293T 0.008 0.003 0.851 0.541
F | 293T + 300ng ADAR2, 48h 11.432 5.053 | 1891.087 | 1144.895
293-pcDNA5S 0.009 0.007 1.093 0.607
&L‘,b 293-ADAR2 without Dox 0.055 0.038 6.869 3.492
‘€ | 293-ADAR2 + 10 ng/ml Dox, 24h | 0.427 0.293 41.730 28.562
293-ADAR2 + 10ng/ml Dox, 48h 0.507 0.274 64.804 35.531

relative expression = 272¢ with Act = ct(ADAR2) — ct(housekeeping gene)
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(E) Comparison of transient versus genomic ADAR2 expression
Method 1

A calibration curve was taken for four different ADAR2 (transient expression) dilutions (1x, 5x, 25x,
125x). Plotted is the ADAR2 ct values normalized by the ct value for beta-actin of the undiluted
sample versus the amount of cDNA.

2937 cells + 300 ng ADAR2, 48h
100 +

[N
o
L

y = 91432¢1086
R? = 0,9952

cDNA [ng]

[,
L

0,1

0,7 0,8 0,9 1 1,1 1,2 1,3
ct (ADAR2)/ct (R-actin of 20 ng cDNA)

From the regression curve of the calibration plot, the relative expression of genomically expressed
ADAR2 was calculated. For this genomically expressed ADAR2 was normalized to beta-actin.

ct (ADAR2)/ct (8-actin) = 1.055 [for the experiment with 293-ADAR2 + 10 ng/ml Dox, 48h] (20 ng
cDNA)

from x = 1.055 one can calculate y = 0.967, and the genomic expression to be 20fold below that of
the transient expression

Method 2

Here we estimated the relative expression level of
ADAR?2 transient versus genomic by the delta-delta
ct method applying the following equation.
AAct = (ct(ADAR2) — ct(3actin))iransient

— ((ct(ADAR?2)

- Ct(BaCtin))genomic
relative expression = 2744ct
relative expression = 25.795, meaning genomic
expression is approx. 26fold below transient
expression
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Figure S17 Dependency of the editing yield with genomically encoded ADAR2 with varying amounts

of guideRNA. Shown are the averaged yields and standard deviation for n=3.

Editing in fADAR2-Flip-In-T-Rex-Cells transfected with 300 ng GFP W58X Amber
and the indicated amounts of GFP W58X Amber RG gRNA (n=3. Cell were
induced with 10 ng/ml Doxycyclin. Ratio of Lipofectamine to Plasmid 3:1)
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Figure S18. Full sequencing trace corresponding to the trace shown in Figure 3A, b), 1300 ng

guideRNA
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Editing of endogenous transcripts

Editing experiments have been carried out in duplicates exactly as described before (without further

optimization), but without co-transfection of a target or reporter gene. 293 cells have been

transfected with 300 ng ADAR2 and of the respective 1300 ng R/G-guideRNA in 24 well format with

lipfectamine 2000, and were harvested 48h post transfection. 293-ADAR2 flip-in cells have been

induced with doxycycline (10 ng/ml), then 1300 ng of the respective R/G-guideRNA was transfected

with lipofectamine 2000. 72 h after transfection of the guideRNA total RNA was isolated, RT-PCR

with transcript-specific primers have been done to obtain the RNA sequencing traces. The respective

guideRNA sequences are listed in Table S1. Primers for RT-PCR are given in Table S2.

Target sites for site-directed RNA editing on six genes:

cDNA sequence of B-actin

10 20 30 40 50 60
1 ACCGCCGAGACCGCGTCCGCCCCGCGAGCACAGAGCCTCGCCTTTGCCGATCCGLCGLCC
1
70 80 90 100 110 120
61 GTCCACACCCGCCGCCAGCTCACCATGGATGATGATATCGCCGCGCTCGTCGTCGACAAC
21 Mm D D D1 A AL V V DN
130 140 150 160 170 180
121 GGCTCCGGCATGTGCAAGGCCGGCTTCGCGGGCGACGATGCCCCCCGGGCCGTCTTCCCC
41 G S GMCKAGFAGDUDAPRAVFP
190 200 210 220 230 240
181 TCCATCGTGGGGCGCCCCAGGCACCAGGGCGTGATGGTGGGCATGGGTCAGAAGGATTCC
61 s 1 v 6GRPRHOQGV MV GMGQ K D S
250 260 270 280 290 300
241 TATGTGGGCGACGAGGCCCAGAGCAAGAGAGGCATCCTCACCCTGAAGTACCCCATCGAG
81 Y VvV D EAQ S KRGI1 L T L KY P 1 E
310 320 330 340 350 360
301 CACGGCATCGTCACCAACTGGGACGACATGGAGAAAATCTGGCACCACACCTTCTACAAT
101 H 61 VvV T NWDIDWMMEIK I WHHTF Y N
370 380 390 400 410 420
361 GAGCTGCGTGTGGCTCCCGAGGAGCACCCCGTGCTGCTGACCGAGGCCCCCCTGAACCCC
121 E LRV APIEEHWPVLLTEAPTLNTP
430 440 450 460 470 480
421 AAGGCCAACCGCGAGAAGATGACCCAGATCATGTTTGAGACCTTCAACACCCCAGCCATG
141 K ANR EKMTQ I M F ETFNTP AWM
490 500 510 520 530 540
481 TACGTTGCTATCCAGGCTGTGCTATCCCTGTACGCCTCTGGCCGTACCACTGGCATCGTG
161 Y VA I Q AVL SLYASGRTTGTI1V
550 560 570 580 590 600
541 ATGGACTCCGGTGACGGGGTCACCCACACTGTGCCCATCTACGAGGGGTATGCCCTCCCC
181 Mm bSsS GD GV THTVP 1Y EGY ATLP
610 620 630 640 650 660
601 CATGCCATCCTGCGTCTGGACCTGGCTGGCCGGGACCTGACTGACTACCTCATGAAGATC
201 H A1 L RLDULAGWRDT LTUDY L MK'I

33



661
221

721
241

781
261

841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

670 680 690 700 710 720
CTCACCGAGCGCGGCTACAGCTTCACCACCACGGCCGAGCGGGAAATCGTGCGTGACATT
L T ERGY S FTTTAERETD1 V R DI

730 740 750 760 770 780
AAGGAGAAGCTGTGCTACGTCGCCCTGGACTTCGAGCAAGAGATGGCCACGGCTGCTTCC
K E K L CYV AL D FEQEMATA A S

790 800 810 820 830 840
AGCTCCTCCCTGGAGAAGAGCTACGAGCTGCCTGACGGCCAGGTCATCACCATTGGCAAT
S § S L EKSYELWPDGOQV 1 T 1 G N

850 860 870 880 890 900
GAGCGGTTCCGCTGCCCTGAGGCACTCTTCCAGCCTTCCTTCCTGGGCATGGAGTCCTGT
ERFRCPEALUZFOQPSFLGME S C

910 920 930 940 950 960
GGCATCCACGAAACTACCTTCAACTCCATCATGAAGTGTGACGTGGACATCCGCAAAGAC
G I HETTZFNJSI MKCDVD 1R KD

970 980 990 1000 1010 1020

CTGTACGCCAACACAGTGCTGTCTGGCGGCACCACCATGTACCCTGGCATTGCCGACAGG
LY ANTVL SGGTTMYPG 1 A DR

1030 1040 1050 1060 1070 1080
ATGCAGAAGGAGATCACTGCCCTGGCACCCAGCACAATGAAGATCAAGATCATTGCTCCT
M Q K E I T AL APSTMIKT1T K 1T I AP

1090 1100 1110 1120 1130 1140
CCTGAGCGCAAGTACTCCGTGTGGATCGGCGGCTCCATCCTGGCCTCGCTGTCCACCTTC
P ERKY SVW I GG S I L AS L S TF

1150 1160 1170 1180 1190 1200
CAGCAGATGTGGATCAGCAAGCAGGAGTATGACGAGTCCGGCCCCTCCATCGTCCACCGC
Q Qg MW 11 S K Q E Y DESGP S 1T V HR

1210 1220 1230 1240 1250 1260

AAATGCTTCTAGGCGGACTATGACTTAGTTGCGTTACACCCTTTCTTGACAAAACCTAAC
K C F * target 1

1270 1280 1290 1300 1310 1320
TTGCGCAGAAAACAAGATGAGATTGGCATGGCTTTATTTGTTTTTTTTGTTTTGTTTTGG
1330 1340 1350 1360 1370 1380

TTTTTTTTTTTTTTTTGGCTTGACTCAGGATTTAAAAACTGGAACGGTGAAGGTGACAGC

1390 1400 1410 1420 1430 1440
AGTCGGTTGGAGCGAGCATCCCCCAAAGTTCACAATGTGGCCGCAGGACTTTGATTGCACA

1450 1460 1470 1480 1490 1500

TTGTTGTTTTTTTAATAGTCATTCCAAATATGAGATGCGTTGTTACAGGAAGTCCCTTGC
target 2

1510 1520 1530 1540 1550 1560

CATCCTAAAAGCCACCCCACTTCTCTCTAAGGAGAATGGCCCAGTCCTCTCCCAAGTCCA
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1570 1580 1590 1600 1610 1620

1561 CACAGGGGAGGTGATAGCATTGCTTTCGTGTAAATTATGTAATGCAAAATTTTTTTAATC
521 target 3

1630 1640 1650 1660 1670 1680
1621 TTCGCCTTAATACTTTTTTATTTTGTTTTATTTTGAATGATGAGCCTTCGTGCCCCCCCT
541

1690 1700 1710 1720 1730 1740
1681 TCCCCCTTTTTTGTCCCCCAACTTGAGATGTATGAAGGCTTTTGGTCTCCCTGGGAGTGG
561

1750 1760 1770 1780 1790 1800
1741 GTGGAGGCAGCCAGGGCTTACCTGTACACTGACTTGAGACCAGTTGAATAAAAGTGCACA
581

1810 1820 1830 1840 1850
1801 CCTTAAAAATGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
601
cDNA sequence of GAPDH

10 20 30 40 50 60
1 GCCTCAAGACCTTGGGCTGGGACTGGCTGAGCCTGGCGGGAGGCGGGGTCCGAGTCACCG
1
70 80 90 100 110 120

61 CCTGCCGCCGCGCCCCCGGTTTCTATAAATTGAGCCCGCAGCCTCCCGCTTCGCTCTCTG
20

130 140 150 160 170 180
121 CTCCTCCTGTTCGACAGTCAGCCGCATCTTCTTTTGCGTCGCCAGCCGAGCCACATCGCT
40

190 200 210 220 230 240
181 CAGACACCATGGGGAAGGTGAAGGTCGGAGTCAACGGATTTGGTCGTATTGGGCGCCTGG
60 M G K V KV GV NGFG R 1 G R L

250 260 270 280 290 300
241 TCACCAGGGCTGCTTTTAACTCTGGTAAAGTGGATATTGTTGCCATCAATGACCCCTTCA
80 vV T R AAF NS GIKV D1 V A I NDP F

310 320 330 340 350 360
301 TTGACCTCAACTACATGGTTTACATGTTCCAATATGATTCCACCCATGGCAAATTCCATG
100 Il DLNYMVYMZFUOQYDSTWHSGK F H

370 380 390 400 410 420
361 GCACCGTCAAGGCTGAGAACGGGAAGCTTGTCATCAATGGAAATCCCATCACCATCTTCC
120 G TV KAENGI KLV I NGNWPI1I T 1 F

430 440 450 460 470 480
421 AGGAGCGAGATCCCTCCAAAATCAAGTGGGGCGATGCTGGCGCTGAGTACGTCGTGGAGT
140 Q ERDUPS K 1T KWGDAGATE Y V VE

490 500 510 520 530 540
481 CCACTGGCGTCTTCACCACCATGGAGAAGGCTGGGGCTCATTTGCAGGGGGGAGCCAAAA
160 s T 6 vV F T TMEI KA AGAWHILQG GG A K

550 560 570 580 590 600
541 GGGTCATCATCTCTGCCCCCTCTGCTGATGCCCCCATGTTCGTCATGGGTGTGAACCATG
180 R v11 S APSADAPMTEFVWMGV N H
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610 620 630 640 650 660

601 AGAAGTATGACAACAGCCTCAAGATCATCAGCAATGCCTCCTGCACCACCAACTGCTTAG
200 E K YDNSLI KT 1 SNAST CTTNT CL
670 680 690 700 710 720
661 CACCCCTGGCCAAGGTCATCCATGACAACTTTGGTATCGTGGAAGGACTCATGACCACAG
220 AP LAKVIHDNZFGI VEGLMMTT
730 740 750 760 770 780
721 TCCATGCCATCACTGCCACCCAGAAGACTGTGGATGGCCCCTCCGGGAAACTGTGGCGTG
240 vV HAI1 T A TQ KTV DGUP S G KL WR
790 800 810 820 830 840
781 ATGGCCGCGGGGCTCTCCAGAACATCATCCCTGCCTCTACTGGCGCTGCCAAGGCTGTGG
260 DGR GAL QNI T PASTSGAAIKAYV
850 860 870 880 890 900
841 GCAAGGTCATCCCTGAGCTGAACGGGAAGCTCACTGGCATGGCCTTCCGTGTCCCCACTG
280 G KV I PELNGIKULTS GMATFRVZPT
910 920 930 940 950 960
901 CCAACGTGTCAGTGGTGGACCTGACCTGCCGTCTAGAAAAACCTGCCAAATATGATGACA
300 ANV SV VDLTT CRTULEIKWPAIKYDTD
970 980 990 1000 1010 1020
961 TCAAGAAGGTGGTGAAGCAGGCGTCGGAGGGCCCCCTCAAGGGCATCCTGGGCTACACTG
320 Il K K vV K QASEGW&PLIKGI1 L GY T
1030 1040 1050 1060 1070 1080
1021 AGCACCAGGTGGTCTCCTCTGACTTCAACAGCGACACCCACTCCTCCACCTTTGACGCTG
340 EHQVV S SDVFNSUDTHS S TF DA
1090 1100 1110 1120 1130 1140
1081 GGGCTGGCATTGCCCTCAACGACCACTTTGTCAAGCTCATTTCCTGGTATGACAACGAAT
360 G AGI A LNDUHIFVKILTIT1T S WY DNE
1150 1160 1170 1180 1190 1200
1141 TTGGCTACAGCAACAGGGTGGTGGACCTCATGGCCCACATGGCCTCCAAGGAGTAAGACC
380 F G Y S NRV YV DLMAMHMMASKE *
1210 1220 1230 1240 1250 1260
1201 CCTGGACCACCAGCCCCAGCAAGAGCACAAGAGGAAGAGAGAGACCCTCACTGCTGGGGA
400
1270 1280 1290 1300 1310 1320
1261 GTCCCTGCCACACTCAGTCCCCCACCACACTGAATCTCCCCTCCTCACAGTTGCCATGTA
420 target 1
1330 1340 1350 1360 1370 1380
1321 GACCCCTTGAAGAGGGGAGGGGCCTAGGGAGCCGCACCTTGTCATGTACCATCAATAAAG
440 target 2
1390 1400 1410 1420
1381 TACCCTGTGCTCAACCAGTTAAAAAAAAAAAAAAAAAAAAA
460
cDNA sequence of GPI

10 20 30 40 50 60
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61
20

121
40

181
60

241
80

301
100

361
120

421
140

481
160

541
180

601
200

661
220

721
240

781
260

841
280

901

AATAGCCCTTACCACCAGCAGACACACATCATCTGTTGTACTTGCTTATTTGGCACATAT

70 80 90 100 110 120
GTATCCACAGCGCCTAGAACACTGCCTGTAACGTGGAAGGTGTTCGATCTATAGAGTTTT

130 140 150 160 170 180

GTCGAATGAATGAATGAAGCCGACTAGTGCACAGGGAGTGCAGCGGCGCGATGGTAGCTC
MV A

190 200 210 220 230 240

TCTGCAGCCTCCAACACCTGGGCTCCAGTGATCCCCGGGCTCTGCCCACCCTCCCCACTG
L ¢CsLQHL GSSDPRALUZPTLPT

250 260 270 280 290 300
CCACTTCCGGGCAGAGGCCAGCAAAGCGGCGGCGCAAGAGTCCCGCCATGGCCGCTCTCA
AT S GQRPAIKIRRRIKZSPAMAAIL

310 320 330 340 350 360
CCCGGGACCCCCAGTTCCAGAAGCTGCAGCAATGGTACCGCGAGCACCGCTCCGAGCTGA
TRDPO QFOQIKTLG QO QMWYU RTEUHT RSTE-/LL

370 380 390 400 410 420
ACCTGCGCCGCCTCTTCGATGCCAACAAGGACCGCTTCAACCACTTCAGCTTGACCCTCA
NL RRLFDANJIKWDIRFNWHFS L TL

430 440 450 460 470 480
ACACCAACCATGGGCATATCCTGGTGGATTACTCCAAGAACCTGGTGACGGAGGACGTGA
NT NHGH I L VDY S KNULV TE DV

490 500 510 520 530 540
TGCGGATGCTGGTGGACTTGGCCAAGTCCAGGGGCGTGGAGGCCGCCCGGGAGCGGATGT
M R MLV DULAIK SRS GVEAARERM

550 560 570 580 590 600
TCAATGGTGAGAAGATCAACTACACCGAGGGTCGAGCCGTGCTGCACGTGGCTCTGCGGA
F NG E K I NYTEGWRAYV L HV A L R

610 620 630 640 650 660
ACCGGTCAAACACACCCATCCTGGFAGACGGCAAGGATGTGATGCCAGAGGTCAACAAGG
NR S NTWP 1 L VDS GI KDV MPE V N K

target

670 680 690 700 710 720

TTCTGGACAAGATGAAGTCTTTCTGCCAGGGACCCCTCATGGTGACTGAAGCCCTTAAGC
v L DKMIKSFCQGWPLMVTEATILK

730 740 750 760 770 780
CATACTCTTCAGGAGGTCCCCGCGTCTGGTATGTCTCCAACATTGATGGAACTCACATTG
PY SSGGPRVWY V SNTITDGTHI

790 800 810 820 830 840
CCAAAACCCTGGCCCAGCTGAACCCCGAGTCCTCCCTGTTCATCATTGCCTCCAAGACCT
AAK T L AQLNWPESSLF 1T 1 A S KT

850 860 870 880 890 900
TTACTACCCAGGAGACCATCACGAATGCAGAGACGGCGAAGGAGTGGTTTCTCCAGGCGG
F T TQE T 1T TNAETAIKEWFTULQ A

910 920 930 940 950 960
CCAAGGATCCTTCTGCAGTGGCGAAGCACTTTGTTGCCCTGTCTACTAACACAACCAAAG
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300

961
320

1021
340

1081
360

1141
380

1201
400

1261
420

1321
440

1381
460

1441
480

1501
500

1561
520

1621
540

1681
560

1741
580

1801
600

AAK DP S AV AKHFVAL STNTT K

970 980 990 1000 1010 1020
TGAAGGAGTTTGGAATTGACCCTCAAAACATGTTCGAGTTCTGGGATTGGGTGGGAGGAC
v K EF G I DPQNWMFEFWDWV G G

1030 1040 1050 1060 1070 1080
GCTACTCGCTGTGGTCGGCCATCGGACTCTCCATTGCCCTGCACGTGGGTTTTGACAACT
Ry S LwSAI GL ST AL HV G F DN

1090 1100 1110 1120 1130 1140

TCGAGCAGCTGCTCTCGGGGGCTCACTGGATGGACCAGCACTTCCGCACGACGCCCCTGG
FEQLL SGAHWMMDOQMHFRTTPL

1150 1160 1170 1180 1190 1200
AGAAGAACGCCCCCGTCTTGCTGGCCCTGCTGGGTATCTGGTACATCAACTGCTTTGGGT
E K NAPVLLALULTGTI WY 1 NTCTFG

1210 1220 1230 1240 1250 1260
GTGAGACACACGCCATGCTGCCCTATGACCAGTACCTGCACCGCTTTGCTGCGTACTTCC
c ETHAMLPYDOQY L HRFAAYF

1270 1280 1290 1300 1310 1320
AGCAGGGCGACATGGAGTCCAATGGGAAATACATCACCAAATCTGGAACCCGTGTGGACC
Q  GbM E S NGK Y I T K S G TR VD

1330 1340 1350 1360 1370 1380
ACCAGACAGGCCCCATTGTGTGGGGGGAGCCAGGGACCAATGGCCAGCATGCTTTTTACC
H Q T G P I VWGEWPGTNG G QHATFY

1390 1400 1410 1420 1430 1440
AGCTCATCCACCAAGGCACCAAGATGATACCCTGTGACTTCCTCATCCCGGTCCAGACCC
QLI HQGTI KMTIPCODTETLTIZPVOQT

1450 1460 1470 1480 1490 1500
AGCACCCCATACGGAAGGGTCTGCATCACAAGATCCTCCTGGCCAACTTCTTGGCCCAGA
Q HPI1 RKGULWHWHI KT L L ANIFULADQQ

1510 1520 1530 1540 1550 1560
CAGAGGCCCTGATGAGGGGAAAATCGACGGAGGAGGCCCGAAAGGAGCTCCAGGCTGCGG
T EALMRSG KSTETEARIKETLIOQAA

1570 1580 1590 1600 1610 1620
GCAAGAGTCCAGAGGACCTTGAGAGGCTGCTGCCACATAAGGTCTTTGAAGGAAATCGCC
G K S PEDWLERLULPHIKVFEGNR

1630 1640 1650 1660 1670 1680
CAACCAACTCTATTGTGTTCACCAAGCTCACACCATTCATGCTTGGAGCCTTGGTCGCCA
P T NS IT VFTIKLTWPFMLGATL VA

1690 1700 1710 1720 1730 1740
TGTATGAGCACAAGATCTTCGTTCAGGGCATCATCTGGGACATCAACAGCTTTGACCAGT
MY EH K I1T FV QG 1 I WDT1T NS F D Q

1750 1760 1770 1780 1790 1800
GGGGAGTGGAGCTGGGAAAGCAGCTGGCTAAGAAAATAGAGCCTGAGCTTGATGGCAGTG
W GGV EL G K QL AKIK 1T EWPETULDG S

1810 1820 1830 1840 1850 1860
CTCAAGTGACCTCTCACGACGCTTCTACCAATGGGCTCATCAACTTCATCAAGCAGCAGC
AAQ VvV T S HUDASTNGTULTINZF 1T K Q Q
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1861
620

1870 1880
GCGAGGCCAGAGTCCAATAA
R E AR V Q *

cDNA sequence of GusB

61
20

121
40

181
60

241
80

301
100

361
120

421
140

481
160

541
180

601
200

661
220

721
240

781

10 20 30 40 50 60
GTCCTCAACCAAGATGGCGCGGATGGCTTCAGGCGCATCACGACACCGGCGCGTCACGCG

70 80 90 100 110 120
ACCCGCCCTACGGGCACCTCCCGCGCTTTTCTTAGCGCCGCAGACGGTGGCCGAGCGGGEG

130 140 150 160 170 180
GACCGGGAAGCATGGCCCGGGGGTCGGCGGTTGCCTGGGCGGCGCTCGGGCCGTTGTTGT
M A RGS AV AWAALGUZPL L

190 200 210 220 230 240
GGGGCTGCGCGCTGGGGCTGCAGGGCGGGATGCTGTACCCCCAGGAGAGCCCGTCGCGGEG
w GG CAL GLQGGMULY P QE S P SR

250 260 270 280 290 300
AGTGCAAGGAGCTGGACGGCCTCTGGAGCTTCCGCGCCGACTTCTCTGACAACCGACGCC
E CK ELDGLWSFRAD FSDNRR

310 320 330 340 350 360
GGGGCTTCGAGGAGCAGTGGTACCGGCGGCCGCTGTGGGAGTCAGGCCCCACCGTGGACA
R 6 F EEQWYRRWPLWESGUP TV D

370 380 390 400 410 420
TGCCAGTTCCCTCCAGCTTCAATGACATCAGCCAGGACTGGCGTCTGCGGCATTTTGTCG
M P VPSS FNUDTI SQDWRLRHFV

430 440 450 460 470 480
GCTGGGTGTGGTACGAACGGGAGGTGATCCTGCCGGAGCGATGGACCCAGGACCTGCGCA
G WV WYEREV I L PERWTQDTLR

490 500 510 520 530 540
CAAGAGTGGTGCTGAGGATTGGCAGTGCCCATTCCTATGCCATCGTGTGGGTGAATGGGG
T RV VLRI GS AHSYAI VWV NG

550 560 570 580 590 600
TCGACACGCTAGAGCATGAGGGGGGCTACCTCCCCTTCGAGGCCGACATCAGCAACCTGG
v b T L EHEGGY L P FEADTI1I SN L

610 620 630 640 650 660
TCCAGGTGGGGCCCCTGCCCTCCCGGCTCCGAATCACTATCGCCATCAACAACACACTCA
v Q v P L P SRULWRI TI1T AILINNTL

670 680 690 700 710 720
CCCCCACCACCCTGCCACCAGGGACCATCCAATACCTGACTGACACCTCCAAGTATCCCA
T P T TL PPGTI1 QY L TDTS K Y P

730 740 750 760 770 780

AGGGTTACTTTGTCCAGAACACATATTTTGACTTTTTCAACTACGCTGGACTGCAGCGGT
K 6 Y F V QNTYFDFFNYAG GTL QR

790 800 810 820 830 840
CTGTACTTCTGTACACGACACCCACCACCTACATCGATGACATCACCGTCACCACCAGCG
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260

841
280

901
300

961
320

1021
340

1081
360

1141
380

1201
400

1261
420

1321
440

1381
460

1441
480

1501
500

1561
520

1621
540

1681
560

s viL Ly TT®PTTY 1 DDI TV TT S
850 860 870 880 890 900

TGGAGCAAGACAGTGGGCTGGTGAATTACCAGATCTCTGTCAAGGGCAGTAACCTGTTCA

v EQ D S G LV NY Q1 SV KG S NLF
910 920 930 940 950 960

AGTTGGAAGTGCGTCTTTTGGATGCAGAAAACAAAGTCGTGGCGAATGGGACTGGGACCC
K L EVRLULIDAENIKVV ANUGTG T

970 980 990 1000 1010 1020
AGGGCCAACTTAAGGTGCCAGGTGTCAGCCTCTGGTGGCCGTACCTGATGCACGAACGCC
Q GQ L KV PGV SLWWZPYLMHER

1030 1040 1050 1060 1070 1080
CTGCCTATCTGTATTCATTGGAGGTGCAGCTGACTGCACAGACGTCACTGGGGCCTGTGT
P AY LY SL EV QL TAQTSULG PV

1090 1100 1110 1120 1130 1140
CTGACTTCTACACACTCCCTGTGGGGATCCGCACTGTGGCTGTCACCAAGAGCCAGTTCC
s brF Y TL PV GGI RTV AV T K S Q F

1150 1160 1170 1180 1190 1200
TCATCAATGGGAAACCTTTCTATTTCCACGGTGTCAACAAGCATGAGGATGCGGACATCC
L 1 NG KPFY FHGVNIKHEDATDI

1210 1220 1230 1240 1250 1260

GAGGGAAGGGCTTCGACTGGCCGCTGCTGGTGAAGGACTTCAACCTGCTTCGCTGGCTTG
R G K 66 F DWW®PWLULVKWDI FNILILRWL

1270 1280 1290 1300 1310 1320
GTGCCAACGCTTTCCGTACCAGCCACTACCCCTATGCAGAGGAAGTGATGCAGATGTGTG
G ANAFRTSHYPYAEEVMAQMTC

1330 1340 1350 1360 1370 1380
ACCGCTATGGGATTGTGGTCATCGATGAGTGTCCCGGCGTGGGCCTGGCGCTGCCGCAGT
b RY G111 VYV 1 DEZ CPGV G L AL P Q

1390 1400 1410 1420 1430 1440

TCTTCAACAACGTTTCTCTGCATCACCACATGCAGGTGATGGAAGAAGTGGTGCGTAGGG
FFNNVSILHHHMQVMETEV V RR

1450 1460 1470 1480 1490 1500
ACAAGAACCACCCCGCGGTCGTGATGTGGTCTGTGGCCAACGAGCCTGCGTCCCACCITAG
D K NHPAVVMWSV ANEUPASHL

target 1

1510 1520 1530 1540 1550 1560

AATCTGCTGGCTACTACTTGAAGATGGTGATCGCTCACACCAAATCCTTGGACCCCTCCC
E S AGY Y LKMV I AHTIKSLDP S

1570 1580 1590 1600 1610 1620

GGCCTGTGACCTTTGTGAGCAACTCTAACTATGCAGCAGACAAGGGGGCTCCGTATGTGG
R pV TFV SN SNYAADI KU GAUPYYV

1630 1640 1650 1660 1670 1680
ATGTGATCTGTTTGAACAGCTACTACTCTTGGTATCACGACTACGGGCACCTGGAGTTGA
bv I CL N SY Y SWYHUDYGHULEL

1690 1700 1710 1720 1730 1740
TTCAGCTGCAGCTGGCCACCCAGTTTGAGAACTGGTATAAGAAGTATCAGAAGCCCATTA
Il QL QL AT Q F ENWY KK Y Q K P 1
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1750 1760 1770 1780 1790 1800

1741 TTCAGAGCGAGTATGGAGCAGAAACGATTGCAGGGTTTCACCAGGATCCACCTCTGATGT
580 Il Q S EY G A ETI1I A GFHOQDUPP LM
1810 1820 1830 1840 1850 1860
1801 TCACTGAAGAGTACCAGAAAAGTCTGCTAGAGCAGTACCATCTGGGTCTGGATCAAAAAC
600 F T E E Y Q K S L L E QY HL GULDOQK
1870 1880 1890 1900 1910 1920
1861 GCAGAAAATACGTGGTTGGAGAGCTCATTTGGAATTTTGCCGATTTCATGACTGAACAGT
620 R R K'Y Vv Vv G EL I WNUFADU FWMMTE Q
1930 1940 1950 1960 1970 1980
1921 CACCGACGAGAGTGCTGGGGAATAAAAAGGGGATCTTCACTCGGCAGAGACAACCAAAAA
640 S P TRVLGNIKI KT GI FTROQROQUPK
1990 2000 2010 2020 2030 2040
1981 GTGCAGCGTTCCTTTTGCGAGAGAGATACTGGAAGATTGCCAATGAAACCAGGTATCCCC
660 S AAFLLIRERYWIKTI1IT ANZETWRYFP
2050 2060 2070 2080 2090 2100
2041 ACTCAGTAGCCAAGTCACAATGTTTGGAAAACAGCCTGTTTACTTGAGCAAGACTGATAC
680 H SV AK S QO CULENSTLTFT =
2110 2120 2130 2140 2150 2160
2101 CACCTGCGTGTCCCTTCCTCCCCGAGTCAGGGCGACTTCCACAGCAGCAGAACAAGTGCC
700
2170 2180 2190 2200 2210 2220
2161 TCCTGGACTGTTCACGGCAGACCAGAACGTTTCTGGCCTGGGTTTTGTGGTCATCTATTC
720
2230 2240 2250 2260 2270 2280
2221 [TAGCAGGGAACACTAAAGGTGGAAATAAAAGATTTTCTATTATGGAAATAAAGAGTTGGC
740
target 2
2290 2300 2310 2320
2281 ATGAAAGTGGCTACTGAAAAAAAAAAAAAAAAAAAAAAAAA
760
cDNA sequence of RAB7A
10 20 30 40 50 60
1 GTCTCGTGACAGGTACTTCCGCTCGGGGCGGCGGCGGTGGCGGAAGTGGGAGCGGGCCTG
1
70 80 90 100 110 120
61 GAGTCTTGGCCATAAAGCCTGAGGCGGCGGCAGCGGCGGAGTTGGCGGCTTGGAGAGCTC
21
130 140 150 160 170 180
121 GGGAGAGTTCCCTGGAACCAGAACTTGGACCTTCTCGCTTCTGTCCTCCGTTTAGTCTCC
41
190 200 210 220 230 240
181 TCCTCGGCGGGAGCCCTCGCGACGCGCCCGGCCCGGAGCCCCCAGCGCAGCGGCCGCGTT
61
250 260 270 280 290 300
241 TGAAGGATGACCTCTAGGAAGAAAGTGTTGCTGAAGGTTATCATCCTGGGAGATTCTGGA
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81

301
101

361
121

421
141

481
161

541
181

601
201

661
221

721
241

781
261

841
281

901
301

961
321

1021
341

1081
361

1141
381

M T S R KKV L L KV 1 1 L G D S G

310 320 330 340 350 360
GTCGGGAAGACATCACTCATGAACCAGTATGTGAATAAGAAATTCAGCAATCAGTACAAA
v 6 K T S L MNIQYVNIKIKF S NIOQY K

370 380 390 400 410 420
GCCACAATAGGAGCTGACTTTCTGACCAAGGAGGTGATGGTGGATGACAGGCTAGTCACA
AAT I 6GA DZFLTIKEVMV DDRL VT

430 440 450 460 470 480
ATGCAGATATGGGACACAGCAGGACAGGAACGGTTCCAGTCTCTCGGTGTGGCCTTCTAC
M Q I WDTAGO QTET RTFU QSTLTGVATFY

490 500 510 520 530 540
AGAGGTGCAGACTGCTGCGTTCTGGTATTTGATGTGACTGCCCCCAACACATTCAAAACC
R GADCCVLVFDVTAPNTFKT

550 560 570 580 590 600
CTAGATAGCTGGAGAGATGAGTTTCTCATCCAGGCCAGTCCCCGAGATCCTGAAAACTTC
L bsS wWRrRDIEFUL1I1 Q A SPRDUPENF

610 620 630 640 650 660
CCATTTGTTGTGTTGGGAAACAAGATTGACCTCGAAAACAGACAAGTGGCCACAAAGCGG
P F VVLGNJ KIDILIENRZQVAT KR

670 680 690 700 710 720
GCACAGGCCTGGTGCTACAGCAAAAACAACATTCCCTACTTTGAGACCAGTGCCAAGGAG
AAQ AWCY S KNNIPYFETSAKE

730 740 750 760 770 780
GCCATCAACGTGGAGCAGGCGTTCCAGACGATTGCACGGAATGCACTTAAGCAGGAAACG
Al NV EQAFOQTTIARNATLTEKZOQTET

790 800 810 820 830 840
GAGGTGGAGCTGTACAACGAATTTCCTGAACCTATCAAACTGGACAAGAATGACCGGGCC
E V EL Y NEFPEP 1T KL D KNDR A

850 860 870 880 890 900
AAGGCCTCGGCAGAAAGCTGCAGTTGCTGAGGGGGCAGTGAGAGTTGAGCACAGAGTCCT
K A°S A E S C S C =*

910 920 930 940 950 960
TCACAAACCAAGAACACACGTAGGCCTTCAACACAATTCCCCTCTCCTCTTCCAAACAAA

970 980 990 1000 1010 1020
ACATACATTGATCTCTCACATCCAGCTGCCAAAAGAAAACCCCATCAAACACAGTTACAC

1030 1040 1050 1060 1070 1080
CCCACATATCTCTCACACACACACACACACGCACACACACACACACAGATCTGACGTAAT

1090 1100 1110 1120 1130 1140
CAAACTCCAGCCCTTGCCCGTGATGGCTCCTTGGGGTCTGCCTGCCCACCCACATGAGCC

1150 1160 1170 1180 1190 1200
CGCGAGTATGGCAGCAGGACAAGCCAGCGGTGGAAGTCATTCTGATATGGAGTTGGCATT
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1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

1741
581

1801
601

1861
621

1921
641

1981
661

2041
681

1210 1220 1230 1240 1250 1260
GGAAGCTTATTCTTTTTGTTCACTGGAGAGAGAGAGAACTGTTTACAGTTAATCTGTGTC

1270 1280 1290 1300 1310 1320
TAATTATCTGATTTTTTTTATTGGTCTTGTGGTCTTTTTACCCCCCCTTTCCCCTCCCTC

1330 1340 1350 1360 1370 1380
CTTGAAGGCTACCCCTTGGGAAGGCTGGTGCCCCATGCCCCATTACAGGCTCACACCCAG

1390 1400 1410 1420 1430 1440
TCTGATCAGGCTGAGTTTTGTATGTATCTATCTGTTAATGCTTGTTACTTTTAACTAATC

1450 1460 1470 1480 1490 1500
AGATCTTTTTACAGTATCCATTTATTATGTAATGCTTCTTAGAAAAGAATCTTATAGTAC

1510 1520 1530 1540 1550 1560
ATGTTAATATATGCAACCAATTAAAATGTATAAATTAGTGTAAGAAATTCTTGGATTATG

1570 1580 1590 1600 1610 1620
TGTTTAAGTCCTGTAATGCAGGCCTGTAAGGTGGAGGGTTGAACCCTGTTTGGATTGCAG

1630 1640 1650 1660 1670 1680
AGTGTTACTCAGAATTGGGAAATCCAGCTAGCGGCAGTATTCTGTACAGTAGACACAAGA
target 1

1690 1700 1710 1720 1730 1740

ATTATGTACGCCTTTTATCAAAGACTTAAGAGCCAAAAAGCTTTTCATCTCTCCAGGGGG

1750 1760 1770 1780 1790 1800

AAAACTGTCTAGTTCCCTTCTGTGTCTAAATTTTCCAAAACGTTGATTTGCATAATACAG
target 2

1810 1820 1830 1840 1850 1860

TGGTATGTGCAATGGATAAATTGCCGTTATTTCAAAAATTAAAATTCTCATTTTCTTTCT

1870 1880 1890 1900 1910 1920
TTTTTTTCCCCCCTGCTCCACACTTCAAAACTCCCGTTAGATCAGCATTCTACTACAAGA

1930 1940 1950 1960 1970 1980

GTGAAAGGAAAACCCTAACAGATCTGTCCTAGTGATTTTACCTTTGTTCTAGAAGGCGCT
target 3

1990 2000 2010 2020 2030 2040

CCTTTCAGGGTTGTGGTATTCTTAGGTTAGCGGAGCTTTTTCCTCTTTTCCCCACCCATC

2050 2060 2070 2080 2090 2100

TCCCCAATATTGCCCATTATTAATTAACCTCTTTCTTTGGTTGGAACCCTGGCAGTTCTG
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2110 2120 2130 2140 2150 2160

2101 CTCCCTTCCTAGGATCTGCCCCTGCATTGTAGCTTGCTTAACGGAGCACTTCTCCTTTTT
701

2170 2180 2190 2200 2210 2220
2161 CCAAAGGTCTACATTCTAGGGTGTGGGCTGAGTTCTTCTGTAAAGAGATGAACGCAATGC
721

2230 2240
2221 CAATAAAATTGAACAAGAACAATG
741

Only 3’ UTR sequence of VCP (very long transcript, thus only this part is shown)

10 20 30 40 50 60

1 ATTCCCTTCAGGGAACCAGGGTGGAGCTGGCCCCAGTCAGGGCAGTGGAGGCGGCACAGG
1

70 80 90 100 110 120
61 TGGCAGTGTATACACAGAAGACAATGATGATGACCTGTATGGCTAAGTGGTGGTGGCCAG
21

130 140 150 160 170 180
121 CGTGCAGTGAGCTGGCCTGCCTGGACCTTGTTCCCTGGGGGTGGGGGCGCTTGCCCAGGA
41

190 200 210 220 230 240
181 GAGGGACCAGGGGTGCGCCCACAGCCTGCTCCATTCTCCAGTCTGAACAGTTCAGCTACA
61

250 260 270 280 290 300
241 GTCTGACTCTGGACAGGGGGTTTCTGTTGCAAAAATACAAAACAAAAGCGATAAAATAAA
81

310 320 330 340 350 360
301 AGCGATTTTCATTTGGFTAGGCGGAGAGTGAATTACCAACAGGGAATTGGGCCTTGGGCCT
101 target 1

370 380 390 400 410 420
361 ATGCCATTTCTGTTGTAGT TTGGGGCAGTGCAGGGGACCTGTGTGGGGTGTGAACCAAGG
121 target 2

430 440 450 460 470 480
421 CACTACTGCCACCTGCCACAGTAAAGCATCTGCACTTGACTCAATGCTGCCCGAGCCCTC
141

490 500 510 520 530 540
481 CCTTCCCCCTATCCAACCTGGGTAGGTGGGTAGGGGCCACAGTTGCTGGATGTTTATATA
161 target 3

550 560 570 580 590 600
541 GAGAGTAGGTTGATTTATTTTACATGCTTTTGAGTTAATGTTGGAAAACTAATCACAAGC
181

610 620 630 640 650 660
601 AGTTTCTAAACCAAAAAATGACATGTTGTAAAAGGACAATAAACGTTGGGTCAAAATGGA
201

670 680 690 700 710 720
661 GCCTGAGTCCTGGGCCCTGTGCCTGCTTCTTTTCCTGGGAACAGCCTTGGGCTACCCACC
221

730 740 750 760 770 780
721 ACTCCCAAGGCATTCTTCCAAATGTGAAATCCTGGAAGTAAGATTGCACCTTCTTCCTCT
241

790 800 810 820 830 840
781 CCTGATCAACATCGGTATGATGTCTCCTGTTGCCTCACCCTTTGTCTGCAGTATCACTGG
261

850 860 870 880 890 900
841 ATAGGACTGGTGGAAAGGGAGCAGCCTGACAGAGCTCCAAATGTGGAGAATATGGCATCC
281

910 920 930 940 950 960

901 CTCCACCTATATTTGATGTGGACGGTAAGGCTAGGCCTGCAGGATCCCTTATCCTGACCA



301

961
321

1021
341

1081
361

1141
381

970 980 990 1000 1010 1020
AAGACTGTGTTGGGGTGCCATTTGAAAATCGCAGGGTTGCAAAAGAATACAATCTTACTT
1030 1040 1050 1060 1070 1080
GCAGGTGGATATTCTCTATACTCTCTTTTAATGCATCTAAAAATCCCAAACATCCCCTGG
1090 1100 1110 1120 1130 1140
TTGGTGATCACTTACAGTTGTGTCCACCTTTATTTTATGTACTTTGATTAAAAAAAAAAA
1150
ACTTTTTGTTAATATAAAA

Figure $19. Sequencing results. Not all RT-PCR reactions were successful or gave sufficient
sequencing quality. Those are indicated here with n.d. Primers used in RT-PCR are given on Table S2.

a) Editing in 293T-Cells with ADAR2 overexpression

settings

experiment A: experiment B: negative control:

General Settings: 300 ng pTS57 (ADAR2), 1300 ng gRNA, DNA to Lipofectamine Ratio 1:3, negative
control just without guideRNA the rest is treated equally

B-actin
TAGH1
50 50 2
CTTAGTT CTTAGTT .
-~ 2% CTTAGTT
50 50
k3 50
AA'TQVG'FC AATAGTC |12 A TAGTCA
(] <5%
TAGH3
TAGH#1
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310

GGTAGGCG

TAGH2 [\
1' ‘.
" .\ |
A
T A G G T A & 8 ¢ T A G G G
21% 17%
GPI
TAGH#1 /
40 40
G G TAG AC ¢ . 40
2 GGT16/;G AC Cl g g TAG AC G ¢
GUSB
|I.'. | A\ N N
i1 [\ |
| i\ ||} |
TAG#H1 . [\ ]\ |
| 'il | \ |
T A G A A T A G A A 3 A G A
11% 9%
TAGH2 ()
NN A AVAVA'AVNAV.VN
| ,’ a0
T T CTA GCAG
T TA G C |p 1 ik @
26% 19%
RAB7A
TAGH#1
70 70
GCTGGCG (| GC TGGCGC
32% 30% i C TAGGCC
TAG#?2
170
TETEEYTTE 1701 X
27% T CTAGTTTC TCTAG T TTC
28%
VCP
TAGH#1 n.d. nd.
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25%

TAG#H2

TGTAGTT -

16%

n.d.

n.d.

TAGH#3

0

GGTAGGTC

12%

0

GGTAGGTC
11%

n.d.

cont. Figure S19 b) Editing in 293-ADAR2-Flip-In-Cells

settings

experiment A:

experiment B:

negative control:

General Settings: 1300 ng gRNA, DNA to Lipofectamine Ratio 1:3; negative control just empty

transfection

B-actin

TAGH#1
T TAG T T P TAGTT g o
17% 14% TTAGTT.
ot YMAL | WA
50 50
AATAGTC AATA GTC TAATA GTCA
<5% <%
lﬂ
/\
TAGH3 ; 1 :
[ | I" lI| r"
&Rt R A [\ n.d. N
| /\"l _JL / \\
G A A G
14% a G
GAPDH
TAG#1
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TAGH#2

TAGH#1
40 40 40
TGG TAG AC G ViR TG AAEEB v a d TR AR
12% 11%
GUSB
a0 [} 100
ACCTAG AAT CACC T AG AAT SCACCTAGAAT
10% 9%
g 90
T T CTA GO CAT T CTAGTC CAI((CT TCTAGT CA
20% | 16% |
RAB7A
TAG#1 n.d.
C T G GC G
38% C TA G C G
TAGH2 n.d.
C TG G T
o)
33% CTAG T
VCP
|
310
310 TGGT AG GC ( 310
TGGTAGGTCG 21%

25%

| TEGBTAGGEC GG

48




TAG#H2

TAGH#3

370

TTGTAGTTT

190

15%

G GGTAGGTGSG G

13%

400
GGGTAGGTGGG
|
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Table S2.

Primers used for reverse-transcription
and PCR:

Sequence 5’->3’:

Beta-Aktin_fw
Beta-Aktin_bw
Beta-Aktin_Seq_fw
GAPDH_fw
GAPDH_bw
GAPDH_Seq_fw
GPI_fw_1
GPI_fw_2
GPI_fw_3
GPI_bw_1
GPI_bw_2
GPI_bw_3
GUSB_fw_1
GUSB_fw_2
GUSB_bw_1
GUSB_bw_2
GUSB_seq_fw1
GUSB_seq_fw2
RAB7A_fw
RAB7A_bw
RAB7A_Seq_fw
VCP_3'UTR_Exon-Junction_fw
VCP_3'UTR_bw

CAGCAGATGTGGATCAGCAAGCAGGAG
GGAAGGGGGGGCACGAAGGCTCATC
GGTGACAGCAGTCGGTTGGAGCGAGC
CTCAAGATCATCAGCAATGCCTCCTGC
GAGCACAGGGTACTTTATTGATGGTACATGACAAGG
CACTGCTGGGGAGTCCCTGCCAC
CTACACCGAGGGTCGAGCCGTGCTG
CCTGGACACCACCCAGAGCACCCTC
GGGAGTACAGGCACCTGCCACCATG
CAGGGCAACAAAGTGCTTCGCCACTGC
CAGAGGTGAGGAGTGGAAAACAGTCTTGGG
CAGCTATGATTGTATCACTGCAGTCCAGCCTG
CAACCAAGATGGCGCGGATGGCTTCAGG
CGCTGCCGCAGTTCTTCAACAACGTTTCTCTG
GTTGATGGCGATAGTGATTCGGAGCCGGG
CAGTAGCCACTTTCATGCCAACTCTTTATTTCCATAATAG
CCTGCGTGTCCCTTCCTCCCCG
CCGGCCTGTGACCTTTGTGAGCAACTC
CTTGGATTATGTGTTTAAGTCCTGTAATGCAGGCC
GGAGCAGAACTGCCAGGGTTCCAACC
CAGTGGTATGTGCAATGGATAAATTGCCG
GTCGGGGCTTTGGCAGCTTCAGATTCC
CCTACTCTCTATATAAACATCCAGCAACTGTGGCC
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PINK1 Editing

Gene sequence of wt PINK1 with a C-terminal V5 and Hisg-tag in the context of the pcDNA3.1 vector.
PINK1 is controlled by the CMV promoter and the BGH terminator:

61
21

121
41

181
61

241
81

301
101

361
121

421
141

481
161

541
181

601
201

661
221

721
241

781

10 20 30 40 50 60
CTGGCTAGCATGGCGGTGCGACAGGCGCTGGGCCGCGGCCTGCAGCTGGGTCGAGCGCTG
Nhe-l M A V R Q A L G R G L Q L G R A L

70 80 90 100 110 120
CTGCTGCGCTTCACGGGCAAGCCCGGCCGGGCCTACGGCTTGGGGCGGCCGGGCCCGGLE
L LRFTS G KWPGRAYGGLGRWPGPA

130 140 150 160 170 180
GCGGGCTGTGTCCGCGGGGAGCGTCCAGGCTGGGCCGCAGGACCGGGCGCGGAGCCTCGL
AAGCVRGERWPGWAAGPTGATEPR

190 200 210 220 230 240
AGGGTCGGGCTCGGGCTCCCTAACCGTCTCCGCTTCTTCCGCCAGTCGGTGGCCGGGCTG
R v 6L GLPNRILRFFRQSV A G L

250 260 270 280 290 300
GCGGCGCGGTTGCAGCGGCAGTTCGTGGTGCGGGCCTGGGGCTGCGCGGGCCCTTGCGGL
AAAR L Q R Q F V V RAWSGT CAGUZPTCG

310 320 330 340 350 360
CGGGCAGTCTTTCTGGCCTTCGGGCTAGGGCTGGGCCTCATCGAGGAAAAACAGGCGGAG
R AV FLAFGLGLGUL 1 EEKQ A E

370 380 390 400 410 420
AGCCGGCGGGCGGTCTCGGCCTGTCAGGAGATCCAGGCAATTTTTACCCAGAAAAGCAAG
S RRAVSACOQTETIOQATITFTOQZKSK

430 440 450 460 470 480

CCGGGGCCTGACCCGTTGGACACGAGACGCTTGCAGGGCTTTCGGCTGGAGGAGTATCTG
P 6 P DPLDTW RWRLOQGFR L E E Y L

490 500 510 520 530 540
ATAGGGCAGTCCATTGGTAAGGGCTGCAGTGCTGCTGTGTATGAAGCCACCATGCCTACA
I 6 @ S 1 6 K 6GCSAAVYEATWMPT

550 560 570 580 590 600

TTGCCCCAGAACCTGGAGGTGACAAAGAGCACCGGGTTGCTTCCAGGGAGAGGCCCAGGT
L PpPQNLEV TKSTGLULUPGR G P G

610 620 630 640 650 660
ACCAGTGCACCAGGAGAAGGGCAGGAGCGAGCTCCGGGGGCCCCTGCCTTCCCCTTGGLC
T S A PGEGQERAPGAPATFUPTL A

670 680 690 700 710 720
ATCAAGATGATGTGGAACATCTCGGCAGGTTCCTCCAGCGAAGCCATCTTGAACACAATG
I K M M WN1T S A G S S S EAT1T L NTM

730 740 750 760 770 780

AGCCAGGAGCTGGTCCCAGCGAGCCGAGTGGCCTTGGCTGGGGAGTATGGAGCAGTCACT
S Q ELVPASRV ALAGEY G AV T

790 800 810 820 830 840
TACAGAAAATCCAAGAGAGGTCCCAAGCAACTAGCCCCTCACCCCAACATCATCCGGGTT
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261

841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

Y R K S KRGPIKQL APHPNI T RV

850 860 870 880 890 900
CTCCGCGCCTTCACCTCTTCCGTGCCGCTGCTGCCAGGGGCCCTGGTCGACTACCCTGAT
L R AFTSSVPL L PGALV DY PD

910 920 930 940 950 960
GTGCTGCCCTCACGCCTCCACCCTGAAGGCCTGGGCCATGGCCGGACGCTCTTTCTAGTC
v L P SRLHWPEGLGHGRTULF LV

970 980 990 1000 1010 1020
ATGAAGAACTATCCCTGTACCCTGCGCCAGTACCTTTGTGTGAACACACCCAGCCCCCGC
M K NY PCTULWROQYLOCVNTWPS PR

1030 1040 1050 1060 1070 1080
CTCGCCGCCATGATGCTGCTGCAGCTGCTGGAAGGCGTGGACCATCTGGTTCAACAGGGC
L AAMMLTILTGOTLTLTETGVDUHTLVOQOQG

1090 1100 1110 1120 1130 1140
ATCGCGCACAGAGACCTGAAATCCGACAACATCCTTGTGGAGCTGGACCCAGACGGCTGC
Il AHRDWLIK SDWNI1T1 L V EL DUPDGC

1150 1160 1170 1180 1190 1200
CCCTGGCTGGTGATCGCAGATTTTGGCTGCTGCCTGGCTGATGAGAGCATCGGCCTGCAG
P WULVI1I ADU FSGT CT CLADES T G L Q

1210 1220 1230 1240 1250 1260

TTGCCCTTCAGCAGCTGGTACGTGGATCGGGGCGGAAACGGCTGTCTGATGGCCCCAGAG
L PF SSWYVDRGGNGT CLMAPE

1270 1280 1290 1300 1310 1320
GTGTCCACGGCCCGTCCTGGCCCCAGGGCAGTGATTGACTACAGCAAGGCTGATGCCTGG
v S T ARPGWPWRA AV 1 DY S KA ADAW

1330 1340 1350 1360 1370 1380
GCAGTGGGAGCCATCGCCTATGAAATCTTCGGGCTTGTCAATCCCTTCTACGGCCAGGGC
AoV 6 A1l AY E Il F G L VNUPFY G QG

1390 1400 1410 1420 1430 1440

AAGGCCCACCTTGAAAGCCGCAGCTACCAAGAGGCTCAGCTACCTGCACTGCCCGAGTCA
K A°HLESRSY QEAQLUPALPE S

1450 1460 1470 1480 1490 1500
GTGCCTCCAGACGTGAGACAGTTGGTGAGGGCACTGCTCCAGCGAGAGGCCAGCAAGAGA
v PP DV RQL VRALULUGQREASKR

1510 1520 1530 1540 1550 1560
CCATCTGCCCGAGTAGCCGCAAATGTGCTTCATCTAAGCCTCTGGGGTGAACATATTCTA
P S ARV AANVILMHILSULWGEMH I L

1570 1580 1590 1600 1610 1620
GCCCTGAAGAATCTGAAGTTAGACAAGATGGTTGGCTGGCTCCTCCAACAATCGGCCGCC
AL K NL KULDI KMVGWILILQQS A A

1630 1640 1650 1660 1670 1680
ACTTTGTTGGCCAACAGGCTCACAGAGAAGTGTTGTGTGGAAACAAAAATGAAGATGCTC
T L L ANRULTEI KT CT CVETIKWMIKML

1690 1700 1710 1720 1730 1740
TTTCTGGCTAACCTGGAGTGTGAAACGCTCTGCCAGGCAGCCCTCCTCCTCTGCTCATGG
F L ANLIET CETTULZ GCOQAALILTULTCSW
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1750 1760 1770 1780 1790 1800

1741 AGGGCAGCCCTGCTCGAGTCTAGAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCCTCTC

581 R AAALL ESRGW®PZFES GI KPP 1 P NP L
1810 1820 1830 1840 1850

1801 CTCGGTCTCGATTCTACGCGTACCGGTCATCATCACCATCACCATTGAGTTTAAACCCG

601 L 6L bDSTIRTGHHWHWHWHH* Pme-1

Gene & protein sequence of PINK1 W437X amber with a C-terminal V5- and Hisg-tag in the context

of the pcDNA 3.1 vector, under control of the the CMV promoter and the BGH terminator. The
amber Stop codon is highlighted in yellow.:

10 20 30 40 50 60

1 CTGGCTAGCATGGCGGTGCGACAGGCGCTGGGCCGCGGCCTGCAGCTGGGTCGAGCGCTG
1 Nhe-cl M AV R Q AL GR G LU QLGT RATL
70 80 90 100 110 120

61 CTGCTGCGCTTCACGGGCAAGCCCGGCCGGGCCTACGGCTTGGGGCGGCCGGGCCCGGLG
21 LLRFTG G KT PGRAYGLTGTR RTPTGTFPA
130 140 150 160 170 180

121 GCGGGCTGTGTCCGCGGGGAGCGTCCAGGCTGGGCCGCAGGACCGGGCGCGGAGCCTCGE
41 A G CVURGETRTPGWAAGTPTGATEPR
190 200 210 220 230 240

181 AGGGTCGGGCTCGGGCTCCCTAACCGTCTCCGCTTCTTCCGCCAGTCGGTGGCCGGGCTG
61 RV G6GLGLTPNT RTLTR RETFRUIOQSVATGIL
250 260 270 280 290 300

241 GCGGCGCGGTTGCAGCGGCAGTTCGTGGTGCGGGCCTGGGGCTGCGCGGGCCCTTGCGGE
81 AARLO QPRI QFVVRAWGT CATGTPTCSGEG
310 320 330 340 350 360

301 CGGGCAGTCTTTCTGGCCTTCGGGCTAGGGCTGGGCCTCATCGAGGAAAAACAGGCGGAG
101 R AV FLATFGLTGTLTGTLTIETETZ KT QAE
370 380 390 400 410 420

361 AGCCGGCGGGCGGTCTCGGCCTGTCAGGAGATCCAGGCAATTTTTACCCAGAAAAGCAAG
121 S RRAV SACO QETIOQATIFTGQZKSK
430 440 450 460 470 480

421 CCGGGGCCTGACCCGTTGGACACGAGACGCTTGCAGGGCTTTCGGCTGGAGGAGTATCTG
141 PGPDZPLTDTRRLIOQGTFRTLTETETVY.L
490 500 510 520 530 540

481 ATAGGGCAGTCCATTGGTAAGGGCTGCAGTGCTGCTGTGTATGAAGCCACCATGCCTACA
161 1 G Q S 1 G K GCSAAVYZEATWMEPT
550 560 570 580 590 600

541 TTGCCCCAGAACCTGGAGGTGACAAAGAGCACCGGGTTGCTTCCAGGGAGAGGCCCAGGT
181 L PQNTLTEVTI K STG GLTLTPGT RTGTPG
610 620 630 640 650 660

601 ACCAGTGCACCAGGAGAAGGGCAGGAGCGAGCTCCGGGGGCCCCTGCCTTCCCCTTGGCC
201 T SAPGETGU QET RAPGATPATFZPTLA
670 680 690 700 710 720
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661
221

721
241

781
261

841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561

ATCAAGATGATGTGGAACATCTCGGCAGGTTCCTCCAGCGAAGCCATCTTGAACACAATG
I K M M WN1T S A G S S S EAIT L NTM

730 740 750 760 770 780
AGCCAGGAGCTGGTCCCAGCGAGCCGAGTGGCCTTGGCTGGGGAGTATGGAGCAGTCACT
S Q ELVPASRVALAGEYGAVT

790 800 810 820 830 840
TACAGAAAATCCAAGAGAGGTCCCAAGCAACTAGCCCCTCACCCCAACATCATCCGGGTT
Y R K S KR G P K QL AP HUPNI 1T RV

850 860 870 880 890 900
CTCCGCGCCTTCACCTCTTCCGTGCCGCTGCTGCCAGGGGCCCTGGTCGACTACCCTGAT
L RAFTSSVPLLUPGALVDYPD

910 920 930 940 950 960
GTGCTGCCCTCACGCCTCCACCCTGAAGGCCTGGGCCATGGCCGGACGCTCTTTCTAGTC
v L PSRLHWPESGLS GHG GRTLFLYV

970 980 990 1000 1010 1020
ATGAAGAACTATCCCTGTACCCTGCGCCAGTACCTTTGTGTGAACACACCCAGCCCCCGC
M K NY P CTULIROQYLCVNTPS PR

1030 1040 1050 1060 1070 1080
CTCGCCGCCATGATGCTGCTGCAGCTGCTGGAAGGCGTGGACCATCTGGTTCAACAGGGC
L AAMMULILOQLL E GV DHILV Q Q G

1090 1100 1110 1120 1130 1140
ATCGCGCACAGAGACCTGAAATCCGACAACATCCTTGTGGAGCTGGACCCAGACGGCTGC
Il AHRDWLIKSDNI1 LV ELDUPUDGTC

1150 1160 1170 1180 1190 1200
CCCTGGCTGGTGATCGCAGATTTTGGCTGCTGCCTGGCTGATGAGAGCATCGGCCTGCAG
P WLV I ADFSGT CZCLADESTIT G L Q

1210 1220 1230 1240 1250 1260

TTGCCCTTCAGCAGCTGGTACGTGGATCGGGGCGGAAACGGCTGTCTGATGGCCCCAGAG
L PF SSWYVDRGGNGT CLMAPE

1270 1280 1290 1300 1310 1320
GTGTCCACGGCCCGTCCTGGCCCCAGGGCAGTGATTGACTACAGCAAGGCTGATGCCTAG
v S T ARPGWPIRAVI1 DY S KADA*

1330 1340 1350 1360 1370 1380
GCAGTGGGAGCCATCGCCTATGAAATCTTCGGGCTTGTCAATCCCTTCTACGGCCAGGGC
AV G A I AY E I F GL VNZPFY G QG

1390 1400 1410 1420 1430 1440

AAGGCCCACCTTGAAAGCCGCAGCTACCAAGAGGCTCAGCTACCTGCACTGCCCGAGTCA
K A°AHLESRSY QEAQL P AL P E S

1450 1460 1470 1480 1490 1500
GTGCCTCCAGACGTGAGACAGTTGGTGAGGGCACTGCTCCAGCGCAGAGGCCAGCAAGAGA
v P PDVROQLVRALULOQREASKR

1510 1520 1530 1540 1550 1560
CCATCTGCCCGAGTAGCCGCAAATGTGCTTCATCTAAGCCTCTGGGGTGAACATATTCTA
P S ARV AANVLHLSLWGEMH I L

1570 1580 1590 1600 1610 1620
GCCCTGAAGAATCTGAAGTTAGACAAGATGGTTGGCTGGCTCCTCCAACAATCGGCCGCC
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521

1621
541

1681
561

1741
581

1801
601

AL KNULIKULD KWMMVGWILILIQQS A A

1630 1640 1650 1660 1670 1680
ACTTTGTTGGCCAACAGGCTCACAGAGAAGTGTTGTGTGGAAACAAAAATGAAGATGCTC
T L L ANRLTEI KT CTCVETIKMMKMIL

1690 1700 1710 1720 1730 1740
TTTCTGGCTAACCTGGAGTGTGAAACGCTCTGCCAGGCAGCCCTCCTCCTCTGCTCATGG
F L ANLETCETULZ COQAALILIULTCSW

1750 1760 1770 1780 1790 1800
AGGGCAGCCCTGCTCGAGTCTAGAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCCTCTC
R AAALLESRSGPZFESGIKW®PI1T PNUPL

1810 1820 1830 1840 1850
CTCGGTCTCGATTCTACGCGTACCGGTCATCATCACCATCACCATTGAGTTTAAACCCG
L GL D STIRTGMHMHHMHHH * Pme-1
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Generation and Characterization of the PINK1-Knock out Hela cell line

To genomically engineer a PINK1-knock out Hela cell line, the CRISPR/Cas9 system was used.
Therefore, the guideRNA sequence 5'-CCATCGCCTATGAAATC-3' (with the PAM (protospacer
adjacent motif) in bold) within exon 7 of PINK1, was inserted into the Cas9 expression plasmid
pSpCas9(BB)-2A-Puro (F. A. Ran et al. Genome engineering using the CRISPR-Cas9 system. Nat.
Protocols, 2013, doi:10.1038/nprot.2013.143) to yield pSpCas9(PINK1-KO)-2A-PURO. The parental
Hela cells were transfected with 2 ug of the pSpCas9(PINK1-KO)-2A-PURO plasmid using the Human
Stem Cell Nucleofector Kit (Lonza) and a nucleofector device (Amaxa). 48h after transfection, the
cells were selected using 2 pg/ml puromycin in DMEM+10% FCS for 48h. The genomic DNA from
clones was isolated using the the ReliaPrep gDNA Tissue Miniprep System (Promega). The PINK1
exon 7 was amplified by flanking intronic primers (forward: 5° TGGATCAGGTGATGTGCAGGA 3’ and
reverse: 5 AGGATCTGTCACTGTG GCTCT 3’). The CRISPR/Cas9 genomic editing resulted in an
introduction of a 70 bp DNA fragment into PINK1 exon 7, 4 bp upstream of the PAM sequence. This
disrupts the functional PINK1 allele by introducing a premature Stop codon at position 454 inside the
kinase domain (A, B). Due to the premature Stop codon, the resulting PINK1 protein is non-
functional. While in parental wt Hela cells a stabilization of full length PINK1 is seen after CCCP
treatment (#, Fig. S21 C), no PINK1 protein expression in mutant Hela cells was detected (Fig. S21 C).
Indeed, only faint amounts of the unstable truncated PINK1-454X were detected (*, Fig. S21 C). We
thus call this cell line “PINK1 knock-out (KO)” even though a truncated PINK1 protein of similar
length like the pathogenic W437X mutant could potentially be expressed. The characterization of the
PINK1-KO cells highlights no differences in mitochondrial protein levels compared to wt Hela cells
(Fig. S21 C). In addition, PINK1 functional null did not interfere with the disruption of the
mitochondrial membrane potential by CCCP, since the loss of the long OPA1 isoform (Fig. S21 C) as
well as the loss of mitochondrial staining, with the membrane potential sensitive MitoTracker Red
CMX-ROS was observed (Fig. S21 D). The mutated PINK1 is in addition also unable to induce
perinuclear co-localization of Parkin and mitochondria (see microscopy pictures, Fig. S21 D and E).
Thus, we considered that the PINK1-KO Hela cells are functional null regarding PINK1. Important,
due to the insertion mutation this non-functional transcript is not repaired by site-directed RNA
editing.
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Figure S20. Generation and chracterization of the PINK1-KO Hela cell line

Besides the antibodies described on page 61-62, the following additional antibodies were used:
rabbit anti-OPA1 (BD Transduction Laboratories, #612606)

mouse anti-Mfn1 (Abnova, HO0055669-M04)

rabbit anti-VDAC1 (Millipore, Ab10527)

mouse anti-MIRO1 (Sigma, WH0055288M1).
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PINK1 Functional Assay

Hela cells (PINK1 wt or KO) were cultured under standard conditions (DMEM + 10% FBS, 37°C, 5%
CO,). The mitophagy assay was performed in 24-wells. Each well contained a cover-slip coated with
poly-D-lysine (Sigma Aldrich). The cells were seeded at 2.5x10%/well. After 24h the cells were
transfected with the indicated plasmids using FuGene6 (Promega). If the editing vector was
transfected a 1-to-6 ratio was used. If ADAR2 or guideRNA alone were transfected, a 1-to-3 ratio was
applied. If not indicated, the plasmid amounts/well has been 300 ng for EGFP-Parkin, 300 ng for
PINK1 wt or PINK1 W437amber, 300 ng editing vector. In control experiment d) 1300 ng of a
guideRNA plasmid based on pSilencer lacking ADAR2 was co-transfected instead of the editing
vector. In control e) 200 ng of an editing vector lacking any guideRNAs but containing ADAR2 was co-
transfected instead of the original editing vector. Treatment with 10 uM CCCP (in DMEM + 10% FBS)
was either performed 46h after transfection for 2h or 24h after transfection for 24 h. The
depolarization of the mitochondrial membrane potential with 10 uM CCCP (in DMEM + 10% FBS)
was either performed 46h after transfection for 2h or 24h after transfection for 24 h. To visualize the
mitochondria with a membrane potential sensitive dye, like MitoTracker Red CMXROS, a CCCP wash
out was performed. For this, the depolarizing agent CCCP was washed out by changing the media
twice every 15 min. Then the cells were incubated with 100 nM MitoTracker Red CMXROS
(Invitrogen, M7512) in DMEM for 30 min at 37°C directly prior fixation or harvesting. Then 48 h after
transfection, the cells were washed once with PBS and then either fixated for immunocytochemical
staining (A) or harvested for RNA isolation (B).

(A) After fixation with 4% PFA/PBS for 20 minutes at RT and three wash steps with PBS, the cells
were permeabilized with 1% Triton X-100/PBS for 5 minutes at RT followed by three wash
steps with PBS. Then, the cells were blocked with 10% FCS/PBS for 1h at RT and stained with
following antibodies diluted in 5% FCS/PBS for 2h at RT: mouse anti-ADAR2 (Santa Cruz, SC-
73409, 1:1000), and rabbit anti-PINK1 (Novus Biologicals, BC 100-949, 1:750). The cells were
then washed three times with PBS and incubated with the following secondary antibodies
diluted in 10% FCS/PBS: goat anti-mouse or rabbit Alexa Fluor-488, 568 or 647 (Invitrogen,
1:1000). After two washing steps with PBS the nuclei of the cells where stained with
Hoechst33342 (Thermo Fisher, 1:5000) for 5 minutes at RT. The cover-slips where mounted
onto glass-slides using the Dako fluorescent mounting medium. Confocal images with a slice
thickness of 0,7 um were obtained with an Axiolmager microscope equipped with an
ApoTome imaging system (Carl Zeiss) using a 63x objective. The images were processed
using the AxioVision software 4.8.1. For the quantification of Parkin clustering, double-
(EGFP-Parkin and PINK1) and triple- (EGFP-Parkin, PINK1 and hADAR2) positive cells were
evaluated. More than 100 cells per cover slip and condition were analyzed for quantification.

(B) The cells were harvested by trypsination using 60 ul Trypsin-EDTA. After inactivation
with 440 pl DMEM+10%FBS the cells were peletted at 300 g for 5 minutes at 4°C.
After removing the supernatant the cells where washed once in 500 pl ice-cold PBS
and centrifuged again at 300 g for 5 minutes at 4°C. The cell pellet was snap frozen in
liquid nitrogen prior RNA isolation using the RNeasy Mini Kit (Qiagen). Remaining
Plasmid DNA that could interfere with following PCRs was removed by DNase-| (NEB)
digestion for 10 min at 37°C. Then, the RNA was reverse transcribed using 1 pl M-
MulLV reverse transcriptase (NEB), 0,25 pl murine RNase inhibitor (NEB) and a BHG
backward primer (5'-CTAGAAGGCACAGTCGAGGC). The cDNA was isolated using the
nucleospin gel and PCR-cleanup kit (Machery-Nagel). The following Phusion-PCR was
performed with 4% DMSO, 0.8 M betaine and a PINK1 specific primer pair 5-CTAGA
AGGCACAGTCGAGGC and 5'-GAGCCAGGAGCTGGTCCCAGCGAGCCGAG”. The 1167 bp
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PINK1 DNA fragment was isolated from the 1,4% agarose gel using the nucleospin gel
and PCR-cleanup kit (Machery-Nagel). The sequencing was performed by the
company Eurofins using the sequencing primer 5'-GGTACGTGGATCAGGGCG

GAAACGGC.
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Figure S21. Western Blot analysis of PINK1-W437X-V5 editing. HeLa WT or PINK1-KO cells were
transfected with plasmids for wt PINK1-V5 or PINK1-W437X-V5, and with or without the editing
vector for 48h as indicated. The cells were treated with 10 uM CCCP 6h prior lysis with 8M Urea
buffer (10 mM Tris (pH 8.0), 100 mM NaH,PO,, 8M urea). 10 ug of total lysates were separated by
SDS-PAGE and transferred onto PVDF membrane using the wet blotting method. The following
primary antibodies were used: mouse anti-ADAR2 (Santa Cruz, sc-73409), rabbit anti-PINK1 (Novus
Biologicals, BC 100-494), mouse anti-V5 (Invitrogen, R960-25, rabbit anti-TOM20 (Santa Cruz, sc-
11415), and mouse anti beta-actin (Sigma, clone AC-15). In panel A, the potential PINK1 variants are
shown.In panel B, the PINK1 antibody stains all processed and truncated versions of the wt and the
overexpressed PINK1 variants. Upon editing a small fraction of fulllength PINK1 (FL & AFL) appears
beside an excess of truncated PINK1 (X & AX) which is in accordance with an editing yield of 10%. The
V5 antibody detects fulllength V5-tagged PINK1 (FL & AFL) only in presence of the editing vector,
which again indicates the successful editing of the transfected PINK1-W437X-V5. After editing and
CCCP treatment TOM20 ubiquitinylation (Ub-1, Ub-2, Ub-3) is visible similar to wt PINK1.
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Figure S22. Full sequencing trace of the PINK1 W437amber editing experiment in Hela cells,
corresponding to the experiment shown in Figure 4A, 4B c).
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Figure S23. Mitophagy assay. Shown are the complete mitophagy assays that relate to the Parkin-
clustering experiments a) — f) shown on Figure 4A in the main text. The mitophagy assay shown in c)
is the same as shown in the main text Figure 4C. For better visualization of mitophagy, the Parkin-
positive cells were encircled.
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d) editing control 1: KO HelLa, + Parkin, + W437X PINK1, + guideRNA --> no ADAR2

Parkin

Oh CCCP

Parkin

2h CCCP

24h CCCP

e) editing control 2: KO HelLa, + Parkin, + W437X PINK1, + ADAR2 --> no guideRNA
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f) editing control 3: KO HelLa, + Parkin, + editing vector --> no PINK1 W437X substrate
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Abstract: Site-directed RNA editing is an approach to reprogram genetic information at the RNA
level. We recently introduced a novel guideRNA that allows for the recruitment of human ADAR2
to manipulate genetic information. Here, we show that the current guideRNA design is already
able to recruit another human deaminase, ADAR1, in both isoforms, p110 and p150. However,
further optimization seems necessary as the current design is less efficient for ADAR1 isoforms.
Furthermore, we describe hotspots at which the guideRNA itself is edited and show a way to
circumvent this auto-editing without losing editing efficiency at the target. Both findings are
important for the advancement of site-directed RNA editing as a tool in basic biology or as a platform
for therapeutic editing.

Keywords: site-directed RNA editing; ADAR; guideRNA; genetic disease; RNA repair

1. Introduction

Site-directed RNA editing is a method to recode genetic information at the RNA level [1].
The approach is based on the enzymatic conversion of adenosine (A) to inosine (I). Inosine is interpreted
as guanosine in many biochemical processes including translation, thus A-to-I RNA editing allows the
recoding of amino acids, splice elements, miRNAs, and miRNA binding sites among others [2]. We and
others have recently developed methods, called site-directed RNA editing, that employ engineered
deaminases in combination with short guideRNAs to recode single adenosine bases at specific sites in
any user-defined transcript [3,4]. Due to the usage of guideRNAs, the target selection and specificity is
easily and rationally programmed based on simple Watson—Crick base pairing rules. We and others
have shown the functioning of site-directed editing in the PCR tube, in human cell lines and even
in simple organisms for the repair of reporter genes, but also disease-relevant genes like CFTR [4-6].
However, with respect to the ease of the procedure and in particular with respect to application in
medicine, the requirement for the expression of an engineered deaminase is a limiting factor. Hence,
we have recently developed a guideRNA architecture derived from the natural R/G-site of the GluR2
transcript that enables the recruitment of human ADAR? for site-directed RNA editing (Figure 1B) [7].
Applying such guideRNAs allows for the editing of endogenous housekeeping genes by expression of
a guideRNA only. Furthermore, we demonstrated the recoding of a nonsense mutation in PINK1 to a
level sufficient to rescue the mitophagy phenotype that links dysfunctional PINKI1 to the etiology of
Parkinson’s disease.

Human cells express three different forms of ADAR (adenosine deaminase acting on RNA), called
ADAR1, 2, and 3, which are potentially re-addressable for site-directed RNA editing (Figure 1A) [2,8].
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Besides ADAR?, the recruitment of ADARI is particularly interesting. On one hand ADARI is highly
active for the deamination reaction and has shown to exhibit a slightly different substrate preference [9].
On the other hand, ADAR1 is more ubiquitously and to a higher level expressed as compared to
ADAR2 [10], which is mainly expressed in neurons and which is believed to be exclusively localized to
the nucleus [11]. ADARI is expressed in two isoforms, an interferon-inducible long form, called p150,
and a constitutive, short form, called p110 (Figure 1A). The long form (p150) comprises an additional
N-terminal stretch containing the Z-DNA /Z-RNA binding domain Zx and a nuclear export signal
(NES) [12]. Due to the latter, ADAR1p150 is mainly found in the cytosol. ADAR1 and ADAR?2 have
distinct but also overlapping substrates. Both are essential as we know from knockout studies in
mice [13-15]. Alteration of RNA editing is linked to various neurological diseases including behavioral
disorders, epilepsy, and the Prader-Willi syndrome [16-19]. Mutations in ADAR1 are linked to the
Aicardi-Goutieres syndrome [20], an autoimmune disorder, and others [21]. Both, hyper- [22] and
hypoediting [23] have been associated with cancer [24-26].

Here, we demonstrate that a trans-acting guideRNA that has recently been developed for the
recruitment of ADAR? is also capable of recruiting both ADARI isoforms. Furthermore, we studied
the auto-editing of the guideRNA itself, and present novel guideRNA sequences that are less prone to
auto-editing but still allow for the recruitment of ADAR2.
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Figure 1. Site-directed RNA editing with R/G-guideRNAs. (A) Scheme of the three human ADARs
used in this study; (B) Design principle: the R/G-guideRNAs have been developed as trans-acting
guideRNA from the natural cistronic R/G-motif of the GluR2 transcript. The binding sites of the
dsRBDs (dsRNA-binding domains) of ADAR? are indicated; (C) Sanger sequencing of the editing
experiments when applying the R/G-guideRNA with ADAR1p110 or p150 compared to ADAR2 in the
repair the W58x codon in eGFP. Shown is the sequence around the editing site (arrow) and around a
typical off-target site, A381 (*). For full Sanger sequences see Figures S2 and S3.

2. Materials and Methods

2.1. ADAR1-Expressing Cells

The 293 Flp-In T-REx system (Life Technologies) was used for stable integration of a single copy
of the cDNA of ADAR1p110 or ADAR1p150 at a genomic FRT-site in engineered 293 cells. Briefly,
4 x 10 © cells were seeded on a 10 cm dish. After one day, 1 pg of the respective ADAR1-form in a
pcDNADS vector under control of the tet-on CMV promoter, and 9 ug of pOG44 expressing the Flp
recombinase were transfected with lipofectamine 2000 (30 pL). One day later, the medium was changed
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for at least two weeks to selection medium (DMEM, 10% FBS, 100 ng/mL hygromycin B, 15 pg/mL
blasticidin S). Cells were kept in selection medium prior to the editing experiment, which was then
performed in the absence of antibiotics.

2.2. Editing of W58amber eGFP

Protocol for experiments shown in Figures 1 and 3B: The R/G-guideRNAs were subcloned into
the pSilencer2.1-U6hygro vector under control of U6 promoter and terminator, the W58x eGFP gene
was delivered on a pcDNAS3.1 vector as described before [7]. ADAR-expressing 293T cells were
cultivated with DMEM, 10% FBS, 1% H/B, 37 °C, 5% CO,. Cells (3 x 10°/well) were seeded into
poly-D-lysin-coated 24-well plates and induced with doxycycline (10 ng/mL). Transfection was carried
out 24 h later with lipofectamine 2000, applying 300 ng of W58x GFP and 1300 ng of guideRNA
per well. Editing was evaluated 72 h after transfection by isolation and sequencing analysis of the
target mRNA. For the latter, total RNA from the cells (NucleoSpin RNA Plus kit, Macherey Nagel,
Diiren, Germany) was DNasel-digested, followed by reverse transcription, Taq-PCR amplification,
and Sanger sequencing.

2.3. Defining Hotspots of Auto-Editing

Protocol for the experiment shown in Figure 2: The respective eCFP W66x mRNA containing
the guideRNA in cis was in-vitro-transcribed with T7 RNA pol as described earlier [7]. ADAR2 was
produced and purified as described earlier [7]. Editing was carried out as described earlier [7] with
(mRNA) =25 nM, (ADAR2) = 350 nM, (Mg2+) =3 mM, no heparin, no spermidine, and incubation in
editing buffer (12.5 mM Tris, 12.5 mM Tris-HCI, 75 mM KCl, 2 mM DTT) for 180 min while cycling
between 30 °C and 37 °C.

2.4. Testing Auto-Editing Inside the R/G-Motif for Variants 1-4

Protocol for experiments shown in Figure 3A: The R/G-guideRNAs were subcloned into the
3/-UTR of wild-type eGFP in a pcDNA3.1 vector. GFP expression served as a transfection control.
Editing was carried out in 293T cells under transient expression of one of the respective three ADAR
forms from plasmid vectors (CMV promotor). For this, 293T cells (2 x 10° /well) were seeded into
24-well plates. Transfection was carried out 24 h later with lipofectamine 2000, applying 300 ng of wt
eGFP-guideRNA and 600 ng of the respective ADAR per well. RNA was isolated for sequencing 48 h
after co-transfection as described above.

3. Results

3.1. Site-Directed RNA Editing with ADAR1

In this study, we started from a recently developed guideRNA architecture [7] that is based on the
cistronic R/G-motif of the GluR2 transcript (Figure 1B). Compared to the natural R/G-site, the targeted
adenosine in the mRNA is put to position —8, thus 2 nt further upstream of the R/G-motif (Figure 1B).
We had shown the functioning of the guideRNA by co-transfection of the plasmid-borne guideRNA
together with ADAR?2 on a plasmid or by transfection of the guideRNA-plasmid into engineered
ADAR?2-expressing 293 Flp-In cells [7]. To test if the original guideRNA design is able to recruit ADAR1
isoforms, we have now created 293 Flp-In cells that express ADAR1p110 or ADAR1p150 from a single
genomic copy under control of a CMV-tet on promoter. In such cell lines, the maximal induction-level
of all three ADAR forms was similar and comparable to the level of p-actin mRNA (Figure S1).
After induction (24 h) of the respective ADAR with doxycycline, the respective guideRNA construct
was co-transfected together with a GFP reporter construct containing a single W58amber missense
codon for site-directed repair. 72 h after co-transfection, the editing yield was determined by Sanger
sequencing of the RNA (Figure 1), as described earlier [7]. In ADAR2-expressing cells, editing yields
around 50% are typically obtained, with no detectable off-target editing in the ORF of the reporter
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gene [7]. This was again confirmed here (Figure 1C). The editing reaction in ADAR1-expressing cells
(Figure 1C) gave slightly reduced yields for the p150 form (35%—40%), and markedly reduced yields
(20%) for the p110 form. Again, no off-target editing was detectable for either ADAR1 form in the ORF
of the reporter gene. One site, adenosine 381, which was prone to off-target editing under transient
overexpression of ADAR?2 before [7], is shown in Figure 1C to exemplify the lack of off-target editing in
the ORF of eGFP under genomic expression of all three ADARs (see Figures S2 and S3 for full Sanger
sequencing traces).

3.2. Auto-Editing inside the GuideRNA

The original guideRNA design is relatively AU-rich. Editing could suffer from the auto-editing
of the guideRNA itself thus destabilizing the hairpin. We tested this in an initial editing experiment
on an in-vitro transcribed RNA substrate that contained the eCFP W66amber sequence in frame with
a cis-acting guideRNA inside the PCR tube (Figure 2). Under these conditions, we found five sites
in the R/G-motif prone to auto-editing: A8, A14, A34, A36, and A39. All five editing events can be
assumed to destabilize the helix. Notably, the editing yields at the sites in the 3’-half of the R/G hairpin
were higher compared to those in the 5'-half of the hairpin. We further tested the auto-editing by
co-transfection of the same cis-acting CFP-guideRNA construct with ADAR2 in 293T cells (Figure 54).
All auto-editing sites were confirmed, the editing yields stayed mostly unchanged, only at A-16 and
A34 was the editing yield increased, and, at one new site, Al1, auto-editing occurred additionally.

LTyl

hcTCTGTGCTAGGGTG[GTGGAATAGTATAACAATAT]
-16

5iam I\ 7\ I\
3\ o
J V'
52 39 36 34

(T GAGACAC GACCCCACCACCCTAT GATATTGTTGTA]

== coding
== guideRNA

Figure 2. Identification of auto-editing hotspots. An in-vitro transcribed RNA substrate containing
a part of the eCFP ORF around the W66x site (blue) in cis with an R/G-guideRNA (red) was edited
with purified ADAR2 enzyme in a PCR tube. Hotspots for auto-editing have been marked by magenta
asterisks; double asterisks mark strongly edited sites; asterisk in brackets mark an editing site only
found in a similar experiment inside the cell (see Figure S4). The red A* marks the targeted editing site,
full conversion was achieved. The black arrow shows the site where the cistronic motif is cut when the
guideRNA is applied in trans.

3.3. G/C-Substitution inside the R/G-Motif Reduces Auto-Editing

To reduce auto-editing of the guideRNA, 3, 6, or 13 A/U base pairs in the original R/G-motif have
been substituted by G/C base pairs, creating variants 2, 3, and 4 (Figure 3A). To assess auto-editing
inside these motif variants, we constructed for every guideRNA an eGFP reporter transcript that
contains the complete guideRNA in the 3/-UTR of the transcript, thus ca. 550 nt downstream the
targeted editing site. This allows for testing the guideRNAs in a situation that resembles the trans-acting
guideRNA under concurrent possibility to access auto-editing by Sanger sequencing. Editing was
tested by co-transfection of these constructs (300 ng) with each of the three forms of ADAR (600 ng)
into 293T cells. Editing in the R/G-motif was analyzed 48 h after co-transfection by RNA isolation
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and Sanger sequencing. The editing yields inside the R/G-motif are given in color-coded circles in
Figure 3A.
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Figure 3. GuideRNA variants that avoid auto-editing. (A) Three guideRNA versions with differing
degree of G/C substitution were tested for auto-editing. The shown sequence was introduced into the
3'-UTR of the eGFP transcript for easier Sanger sequencing. The folding energies have been estimated
using mfold. For ADAR1p150, no auto-editing site was detectable; (B) Performance of the three new
guideRNA versions for the editing of W58x with ADAR2 or ADAR1p110, respectively, when applied
in trans in the respective ADAR-expressing cell line. For fluorescence imaging, see Figure S5.

Under these assay conditions, the starting guideRNA architecture, version 1, gives only subtle
auto-editing, and only at positions A8 by ADAR2 and A13 by ADAR1p110. With ADAR?2, we found
an additional off-target editing at A52, which is part of the mRNA binding sequence. For ADAR1p150,
no auto-editing was detectable. It is reasonable to infer that the 36 bp RNA substrate , given in Figure 2,
is much more heavily edited in the R/G-motif compared to the lone-standing, 20 bp R/G-motif,
given in Figure 3, as the ADAR enzymes are known to accept dsRNA with >30 bp much better than
those <30 bp [2,11]. When introducing G/C-substitutions into the R/G-motif, no auto-editing was
detectable with any of the three enzymes. This was already achieved with only 3 G/C substitutions,
which have been chosen in a way to target the main auto-editing sites (A8, A14, A34, A36, and A39)
simultaneously with a minimal number of substitutions.

The G/C substitutions do not only remove editable adenosines and put adenosines into contexts
non-preferred for editing (e.g., 5'-GA), but they rather increase the free energy gain of folding from
—18 kcal/mol up to —42 kcal/mol as estimated by the software mfold [27] (Figure 3A). We tested
how the new guideRNA variants 2 to 4 behave compared to the original version 1 for the editing
of the reporter W58x eGFP in ADAR2-expressing cells. For versions 2 and 3, virtually no change in
the editing yield was observed. Only the highly substituted version 4 showed a reduction in editing
yield (Figure 3B, Figure S5). For ADAR1p110, we found a virtually unchanged editing yield with all
versions but at comparably low editing efficiency (Figure 3B).

4. Discussion

This is the first report about site-directed RNA editing with human ADARI isoforms, the
constitutive (p110) and the inducible one (p150). As the R/G-guideRNA was developed from a classical
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ADAR? substrate for the recruitment of ADAR?2, it could be expected that the recruitment of ADARI1
isoforms is less efficient. However, we achieved site-directed RNA editing with the R/G-guideRNAs
with both ADAR1 isoforms, in particular with the p150 form; thus, the general strategy is feasible with
ADAR], and our R/G-guideRNA provides a starting point for the development of more appropriate
guideRNAs for ADARI.

Furthermore, we show the first results on auto-editing of the guideRNA itself. We have defined
the hotspots for auto-editing and show a simple strategy to circumvent it by minimal substitution
in the hairpin secondary structure. The respective optimized guideRNAs are much less auto-edited;
however, our results show that a high substitution degree may interfere with editing efficiency at
the target. Even though the confinement of auto-editing was not improving the overall editing yield
under the given continuous expression of the guideRNA, it could improve editing when drug-like,
chemically stabilized R/G-guideRNAs are explored in the future. Notably, when defining the hotspots
of auto-editing by applying an artificial eCFP mRNA containing the guideRNA in cis, we found full
conversion at the targeted adenosine even in cell culture (Figure S4). In contrast, when applying the
same guideRNA in trans, editing levels above 60% are difficult to obtain. It is likely that there is still
space for further optimization of the guideRNA’s design to obtain better editing results with all three
enzymes. In summary, both findings are important for the advancement of site-directed RNA editing
as a tool in basic biology or as a platform for therapeutic editing [7,28].

Supplementary Materials: The following are available online at www.mdpi.com/2073-4425/8/1/34/s1,
Figure S1: qPCR analysis of ADAR expression in engineered cells, Figure S2: Sanger sequencing trace of editing
in ADAR1p110-expressing cells, Figure S3: Sanger sequencing trace of editing in ADAR1p150-expressing cells,
Figure S4: Defining auto-editing hotspots in cellular editing; Figure S5: Fluorescence imaging data belonging to
experiment shown in Figure 3B.
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Supplementary Materials: Applying Human
ADAR1p110 and ADAR1p150 for Site-Directed
RNA Editing— G/C Substitution Stabilizes
GuideRNAs Against Editing

Madeleine Heep, Pia Mach, Philipp Reautschnig, Jacqueline Wettengel and Thorsten
Stafforst

Gene Sequence (5’ to 3’) Product size
ADAR1 fw.: GCATTTGAGGATGGACTACG 101 bp
rev.: TCCTTAGTCTTCCCGGATTG
ADAR2 fw.: CGGAGATCCTTGCTCAGATT 99 bp
rev.: CCCTCGCTCTGATTTCTGAA
S-actin fw.: CGGGACCTGACTGACTAC 91 bp

rev.: TAATGTCACGCACGATTTCC
A. Primers for Qpcr.
Mean Cpr  Mean Cyp

Cell line (B-actin) (ADAR) 9-aCr
ADAR2 -dox (control) 18.506 24.574 0.02
ADARI (p150) - dox 18.836 22,634 0.07
ADARI (pl10) - dox 19.153 22.057 0.13
ADAR2 + dox (control) 18.507 19.026 0.74
ADARI1 (p150) + dox 18.821 10.587 0.59
ADARI1 (pl10) + dox 18.584 19.290 0.61

B. Measured ct-values of all experiments. Values are averaged from
three technical replicates. Calculation of relative expression levels
from the Act values for ADAR2 versus the housekeeping gene -
actin. ( relative expression = 272! | with Act = ct(ADAR1/2) —
ct(B — actin)).

Figure S1. qPCR analysis of ADAR expression in engineered cells. The relative amount of ADAR
mRNA in 293T cells with a genomically integrated copy of ADAR controlled by a CMV tet-on
promoter (integr.) was determined by quantitative real-time PCR (qPCR) after 72h (doxycycline
induced expression of integr. ADAR). For this, RNA was extracted from cell lysates (RNeasy MinElute
Kit, Qiagen, Hilden, Germany). After DNasel digestion (NEB) and reverse transcription (high
capacity cDNA reverse transcription kit, Applied Biosystems, Foster City, CA, USA), 20 ng cDNA
was mixed with Fast SYBR Green Master Mix (Applied Biosystems) and analyzed by the 7500 Fast
Real-Time PCR System (Applied Biosystems). (A) For determining gene expression, primers were
designed for targeting ADAR1, ADAR2 and the housekeeping gene $-actin; (B) qPCR of ADARI,
ADAR? and the housekeeping gene was performed in triplicates. The table displays the mean values
of the cycles where the fluorescence crosses the threshold of 0.35 for ADAR and 0.15 for -actin (ct
values).
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Figure S2. Sanger sequencing trace of editing in ADAR1p110-expressing cells. The target site is
marked by a red arrow.
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Figure S3. Sanger sequencing trace of editing in ADARI1p150-expressing cells. The target site is
marked by a red arrow.
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Figure S4. Defining auto-editing hotspots in cellular editing. The same construct as described in
Figure 2 main text was used as an auto-editing probe inside the 293 cell. Cells were co-transfected in
a 24-well format with a pcDNA3.1 vectors containing the transcript for editing (300 ng) and a
pcDNA3.1 vector containing ADAR2 (300 ng). After 24 h, RNA was isolated and sequenced.
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Figure S5. Fluorescence imaging data belonging to the experiment shown in Figure 3B, main text.
Fluorescence images (50x magnification, 70 ms exposure for GFP) were taken 72 h after co-transfection

with the respe

ctive gRNA (version 1 to 4, 1300 ng) and GFP W58X amber (300 ng). Transfection with

300 ng wild-type GFP and 300 ng GFP W58X amber served as positive and negative controls
respectively. Sanger sequencing was performed after RNA isolation (NucleoSpin RNA Plus Kit,
Macherey-Nagel, Dueren, Germany), reverse transcription and Taq-PCR. (eGFP = fluorescence

channel, PCM =

OMOM

phase contrast microscopy).

© 2017 by the authors. Submitted for possible open access publication under the terms and
conditions of the  Creative Commons  Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/).
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Precise RNA editing by recruiting endogenous
ADARs with antisense oligonucleotides

Tobias Merkle', Sarah Merz', Philipp Reautschnig’, AndreasBlaha
2 and Thorsten Stafforst©™

Jacqueline Wettengel', JinBillyLi

Site-directed RNA editing might provide a safer or more effec-
tive alternative to genome editing in certain clinical scenarios.
Until now, RNA editing has relied on overexpression of exog-
enous RNA editing enzymes or of endogenous human ADAR
(adenosine deaminase acting on RNA) enzymes. Here we
describe the engineering of chemically optimized antisense
oligonucleotides that recruit endogenous human ADARs to
edit endogenous transcripts in a simple and programmable
way, an approach we call RESTORE (recruiting endogenous
ADAR to specific transcripts for oligonucleotide-mediated
RNA editing). We observed almost no off-target editing,
and natural editing homeostasis was not perturbed. We suc-
cessfully applied RESTORE to a panel of standard human cell
lines and human primary cells and demonstrated repair of the
clinically relevant PiZZ mutation, which causes a1-antitrypsin
deficiency, and editing of phosphotyrosine 701 in STAT1, the
activity switch of the signaling factor. RESTORE requires only
the administration of an oligonucleotide, circumvents ectopic
expression of proteins, and represents an attractive approach
for drug development.

Adenosine-to-inosine editing in RNA diversifies the transcrip-
tome by recoding of amino acid codons, Start codons and Stop
codons, and by alteration of splicing, among other mechanisms'.
Steering such enzymes to specific sites at selected transcripts, a
strategy called site-directed RNA editing**, holds great promise for
the treatment of disease and as a tool to study protein and RNA
function. Unlike DNA editing, RNA editing manipulates genetic
information in a reversible and tunable manner. These properties
may enable manipulations that are either lethal or quickly compen-
sated when done at the genome level’. Furthermore, RNA editing
could be safer because potential adverse effects should be reversible
and dose-dependent.

We and others have recently published several RNA editing
strategies based on expression of exogenous engineered deami-
nases’”’. However, in a therapeutic setting, harnessing of the widely
expressed endogenous ADARs, including ADAR1 and ADAR2,
would be preferable® as it would replace ectopic expression of an
engineered protein with administration of an oligonucleotide drug.
Recently, we engineered a plasmid-borne guide RNA (gRNA) that
recruits human ADAR?2 to elicit programmable, site-specific RNA
editing’. Such gRNAs comprise two parts: an invariant ADAR-
recruiting domain and a programmable specificity domain (Fig. 1a).
The ADAR-recruiting domain forms an imperfect 20-bp hairpin
(Fig. 1a) and was adapted from a well-known ADAR2 target site in
the GluR2 mRNA, and thus was called the R/G motif. The speci-
ficity domain is a programmable, short (~18nt), single-stranded

', QinLi?, Paul Vogel ®",

sequence reverse complementary to the target mRNA (Fig. la).
We optimized the gRNA for ADAR2 recruitment and demon-
strated its expression from a U6 promotor’. However, sufficient
editing of endogenous transcripts such as GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) or ACTB (B-actin) always required
co-overexpression of ADAR2, whereas expression of the gRNA
alone failed to achieve editing’. In the present study, we have engi-
neered antisense oligonucleotides (ASOs) that recruit endogenous
ADAR to edit endogenous transcripts in cancer cell lines and in pri-
mary human cells.

We applied a plasmid-borne approach’ to screen for better
ADAR-recruiting domains (Supplementary Fig. 1). While testing
15 different designs, we found sequence variant 9.4 (with an addi-
tional 5bp at the 5’ site of the R/G motif). Although less effective
with ADAR2, variant 9.4 almost doubled editing with the ADARI
isoform p110. Using ADARI for RNA editing could be beneficial as
its expression is particularly widespread'’.

To further enhance editing efficiency, we tested chemically stabi-
lized ASOs'' (RESTORE) instead of plasmid-borne’ gRNA expres-
sion. In the first round, we tested three ASO designs (v1,v4,v9.4). The
ASOs comprised an ADAR-recruiting domain composed entirely of
natural ribonucleotides and a specificity domain that was chemi-
cally modified (2'-O-methylations, phosphorothioate, Fig. 1b),
containing a modification gap opposite the editing site, much like
what was described before'”.

Using ASOs targeting a 5 UAG site in the 3’ untranslated region
(3" UTR) of either ACTB or GAPDH, we assessed the ADAR pref-
erences of the ASOs. We lipofected them into engineered Flp-In
T-REx 293 cells expressing a specific ADAR isoform (ADAR2,
ADARI pl110 or ADARI1 p150)”". We found the highest editing
efficiency (75%-85%) in ADARI p150-expressing cells (Fig. 1c).
Editing yields were lower for ADARI isoform p110 (12%-50%),
but showed a strong (two- to threefold) benefit of ASO v9.4 com-
pared to ASO vl. Editing with ADAR?2 was similar to editing with
ADARI p110, however, ASO v9.4 was inferior to ASO v1. Chemical
modification of the ASO was required to obtain high editing yields
(Supplementary Figs. 2 and 3). Also, the presence of the ADAR-
recruiting domain was essential (Supplementary Fig. 2). Finally, we
tested the concurrent editing of both transcripts by cotransfection
of two ASOs (Fig. 1c, right). Notably, the editing yields stayed virtu-
ally unchanged, demonstrating that site-directed RNA editing can
be carried out at several transcripts simultaneously.

In HeLa cells, targeting 5 UAG codons in the 3’ UTRs of GAPDH
and ACTB, ASO v1 and v4 gave some editing (Fig. 2a). However,
the ASO v9.4 gave clearly higher editing of both transcripts (~40%).
A control ASO lacking the ADAR-recruiting domain did not elicit
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Fig. 1| Design of ADAR-directing ASOs and characterization in engineered ADAR-expressing cell lines (293 Flp-In T-REx). a, Principle of RESTORE:
ASOs comprise a programmable specificity domain that determines target mMRNA binding and an invariant ADAR-recruiting domain to steer endogenous
ADAR to the ASO:mRNA hybrid. Site-directed RNA editing at the mRNA is controlled by the chemically modified ASO and results in a specific adenosine-
to-inosine change (functionally equivalent to an adenosine-to-guanosine change). dsRBD, double-stranded RNA-binding domain; A* or I*, adenosine or
inosine base at target site, respectively. b, Sequences and chemical modifications of ASOs (see also Supplementary Table 1). rNT, natural ribonucleotide;
rC, cytidine. ¢, Comparative editing of two endogenous transcripts (ACTB, GAPDH) by transfection of the respective chemically modified ASOs into the
indicated ADAR-expressing cell line. Either a single ASO (against GAPDH or ACTB) or two ASOs (against GAPDH and ACTB) were transfected. Data in ¢
are shown as the mean +s.d., N=3 independent experiments; significance (P) was calculated with a two-tailed paired t-test. A1p110 represents the ADAR1
p110 isoform, A1p150 the ADART p150 isoform; n.d., no editing was detectable. All targets are given in Supplementary Note 1.

editing (Fig. 2a). As we knew ASO v9.4 to prefer ADARI1 p150,
we repeated the experiment in the presence of interferon (IFN)-a,
which is known to induce ADARI p150 expression'*. Indeed, IFN-
o treatment almost doubled the editing yields for all ASO designs
(v1, v4, v9.4) and both transcripts (up to 70% with v.9.4). Again,
when targeting both transcripts simultaneously by cotransfect-
ing two ASOs, editing yields stayed unchanged (Fig. 2a, right). To
assess the impact of chemical modifications, we compared the ASOs
with RNAs of the same sequence transcribed in vitro, and found
the latter substantially inferior (for example, relative reduction of
editing yield by 37%-87% for v9.4), which might explain why the
RESTORE approach works better than plasmid-borne gRNAs of the
same sequence (Supplementary Figs. 2 and 3).

We thus extended the chemical modification to the ADAR-
recruiting domain. Specifically, we stabilized the 5 terminus
(2’-O-methylation and phosphorothioate) and substituted all

pyrimidines with their 2’-O-methylated analogs. Even though
heavily modified, this ASO design, v9.5, was equal or even better in
recruiting endogenous ADAR in HeLa cells (Fig. 2b), demonstrat-
ing that ADARS double-stranded RNA-binding domains accept
extensive chemical modification.

First we tested which ADAR isoform was recruited by ASO v9.5
in HeLa cells. On western blot, ADARI p110 was well expressed,
whereas ADARI p150 was faintly visible but clearly inducible by
IFN-a (Fig. 2d and Supplementary Fig. 4). ADAR2 was not detect-
able (data not shown). We applied RNA interference to knock
down specific ADAR isoforms. When transfecting an siRNA
against ADAR?2 or a mock siRNA, editing was unaffected (Fig. 2¢).
However, the knockdown of ADARI1 p150 resulted in a decrease
of editing (down to 10%-20%). The concurrent knockdown of
both ADARI isoforms completely abolished editing. Both ADARI
isoforms contributed to editing; however, the much more weakly
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Fig. 2 | Applying RESTORE to edit endogenous transcripts (GAPDH and ACTB, each with a targeted 5’ UAG triplet in the 3’ UTR) in various cell lines by
transfection with ASOs, performed in presence or absence of IFN-a, as indicated. a, Comparing ASO designs for the recruitment of endogenous ADAR in
Hela cells. Either a single ASO (against GAPDH or ACTB) or both ASOs (against GAPDH and ACTB) were transfected. “no R/G" indicates an ASO lacking
the ADAR-recruiting domain. b, Comparative editing of ASO v9.4 and v9.5 on GAPDH. ¢, Effect of isoform-specific ADAR knockdown on the GADPH
editing yield in Hela cells. d, The knockdown efficiency was verified by western blot in technical duplicate. The western blot is composed of two images
with different exposure times. The full blots are given in Supplementary Fig. 4. e, Determination of the half-maximal effective dose (EDg,) of ASO v9.5

for editing GAPDH in Hela cells. f, Time course of GAPDH editing yields in Hela cells. f, GAPDH editing yields with ASO v9.5 in various standard (cancer)
cells lines. h, GAPDH editing yields with ASO v9.5 in various primary human cells. HUVEC, human umbilical vein endothelial cells; HAEC, human aortic
endothelial cells; NHA, normal human astrocytes; RPE, human retinal pigment epithelium; NHBE, normal human bronchial epithelium. Data in a-h are
shown as the mean + s.d., N=3 independent experiments; experiments in hepatocytes are single determinations for each donor (donors 1-3) as indicated.
Significance (P) was calculated with a two-tailed paired t-test; n.s., P> 0.05; A1p150, ADAR1 p150; n.d., no editing was detectable.

expressed p150 isoform contributed more. This is in good agree-
ment with the observed positive effect of IFN-a (Fig. 2) and the bet-
ter performance of the ASO in ADAR1 p150-expressing 293 Flp-In
T-REx cells (Fig. 1c). It remains unclear why the weakly expressed
p150 isoform is more effective than the more strongly expressed
p110 isoform. Reasons could be the different intracellular localiza-
tion, different regulation, or the additional N-terminal part of the
p150 isoform—for example, the Z-DNA binding o domain'.

We found a sigmoidal dose dependency for ASO v9.5-mediated
RNA editing, reaching half-maximum editing yield at 0.2 pmol ASO
per well of a 96-well plate with IFN-a and 0.4 pmol/well without IFN-
a (Fig. 2e and Supplementary Fig. 5). The maximum editing yield
was obtained at >2 pmol/well, a dose similar to that used for siRNA
duplexes in RNA interference’. As additional controls, we tested
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the effect of a nontargeting ASO v9.5 and of an ADAR-recruiting
domain v9.5 lacking any specificity domain on the on-target
editing of GAPDH with ASO v9.5 (Supplementary Figs. 6 and 7).
The on-target yield was not affected by the cotransfected compo-
nents, indicating that the endogenous editing capacity is not limit-
ing. We further assayed the time profile of the editing yield over
5 d in rapidly dividing HeLa cells (10% FBS, 5 pmol/well ASO). The
maximum editing yield was observed 12-48 h after transfection and
dropped slowly (Fig. 2f).

To assess the application scope of RESTORE, we applied ASO
v9.5 in a panel of ten immortalized human cell lines (Fig. 2g). Editing
yield was cell line dependent, with yields ranging from 4% to 34%
(average 18.5%). Yields were two- to threefold higher after IFN-o
treatment, ranging from 11% to 73% (average 46.8%). As ADAR
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Fig. 3 | Applying RESTORE for ORF editing with ASO v25, off-target analysis, and editing of disease-relevant sites. a, ASO design v25. b, Editing of

5" UAG site no. Tin the ORF of GAPDH with ASO v25 in Hela and human primary cells. ¢, Analysis of off-target editing in the poly(A)* transcriptome
when recruiting endogenous ADAR from Hela cells to 5 UAG site no. 1in the ORF of GAPDH with ASO v25, in absence (left) or presence (right) of

IFN-a. Scatter plots show differential editing at ~18,000 sites per experiment comparing editing levels in cells treated with ASO v25 compared to empty
transfected cells. Experiments were done in two independent replicates. The on-target editing is indicated by an arrow. Significantly differently edited sites
(P<0.01, Fisher's exact test, two-sided, N> 50) are highlighted in red. d, Editing of the Tyr701 site (5" UAU codon) of STAT1 in Hela and primary cells.

e, Editing of the PiZZ mutation causing al-antitrypsin deficiency (E342K in SERPINAT1, 5' CAA codon) either in ADAR1 p150-expressing 293 Flp-In T-REx
cells with v9.4 ASO or in Hela cells with v25 ASO (3-nt gap) or v25.1 (2-nt gap). The SERPINATE342K cDNA was either cotransfected or genetically
integrated into Hela cells. al-Antitrypsin (A1AT) secretion was normalized to the secretion when transfecting wild-type SERPINAT. Data in b,d,e are shown
as the mean +s.d., N=3 independent experiments; significance (P) in e was calculated with a two-tailed paired t-test. n.d., no editing was detectable.

expression can differ between cancer and normal cells'®, we further
tested a panel of seven primary cells from different tissues, including
patient fibroblasts'” and commercially acquired astrocytes, hepato-
cytes, retinal pigment epithelium cells (RPE), bronchial epithelial
cells, and endothelial cells from arterial and venous vessels (Fig. 2h).
We found higher editing levels in primary cells than in immortal-
ized cells, obtaining editing levels of 10%-63% (average 31.5%).
Notably, in all hepatocyte samples and in the fibroblasts, the editing
levels were higher than in HeLa cells. Again, editing yields increased
after IFN-« treatment (35%-77%, average 62.6%). We transfected a
series of ASO dilutions (0.2-25 pmol ASO v9.5 per well of a 24-well
plate, no IFN-a treatment) into hepatocytes of donors 1 and 2 and
found a clear dose dependency (Fig. 2h).

We then tested the editing of a 5" UAG triplet in the open read-
ing frame (ORF) of GAPDH in ADAR-expressing 293 Flp-In T-REx
cells with an ASO v9.4. The editing in the ORF followed the same
trend as in the 3’ UTR (ADARI1 p150 > ADARI p110 ~ ADAR?2),
but with generally lower yields (11%-55%, Supplementary Fig. 8).
Editing required the presence of the ADAR-recruiting domain
(Supplementary Fig. 9). ASO v9.4 did not achieve editing in the
ORF of GAPDH with endogenous ADAR in HeLa or A549 cells.

Thus, we further optimized the ASO design. We assumed that
editing in the ORF might be kinetically limited by translation, as
we had observed before'®". To improve on-target binding kinet-
ics, we increased the length of specificity domain and included
locked nucleic acid (LNA)**' modifications. We tested stepwise
elongation of the specificity domain and found elongation at the
5’ site to improve performance. Finally, we identified ASO v25,

which contains a 40-nt specificity domain partly modified with
2'-O-methylation, phosphorothioate, and three LNA bases (Fig. 3a).
After transfection into HeLa cells, ASO v25 achieved editing yields
of 26 +3% (without IFN-a) and 42.7 +1.5% (with IFN-a; Fig. 3b).
The chemical modification of the otherwise unchanged ADAR-
recruiting domain was important. Without chemical modifica-
tions, v25 gave no editing in the absence and only moderate editing
(14+4%) in the presence of IFN-a (Supplementary Fig. 10). We
then tested ASO v25 in several primary cells for the editing of the
5’ UAG site in the ORF of GAPDH. Editing levels of 12.7+2.1%
(fibroblast), 9.3+0.6% (RPE), and 27+10% (hepatocyte) were
obtained. Asbefore, IFN-aincreased the editinglevels, t0 22.7 +0.6%
(fibroblast), 32.3 +4.5% (RPE) and 34 +9% (hepatocyte).
Off-target editing is a major problem of recent editing strategies.
Also ADAR-directing ASOs could potentially elicit off-target edit-
ing or perturb the natural editing homeostasis. We conducted deep
RNA sequencing (50 Mio 2 X100 nt paired end reads per experi-
ment) for the editing of the GAPDH ORF with ASO v25 in HeLa
cells with and without IFN-a. The editing was precise, producing
little off-target editing and keeping the natural editing homeo-
stasis intact. In absence of IFN-a, only 3 out of 20,156 sites were
significantly differently edited (P<0.01, Fisher’s exact test) com-
pared to the control lacking ASO transfection (Fig. 3c, left, and
Supplementary Datasets 1-3). All off-target sites were known sites,
in noncoding regions (introns, 3 UTR). With IFN-a, the on-target
yield increased from 25% to 52% (Fig. 3c, right), and 14 signifi-
cantly differently edited off-target sites were detected, all in non-
coding regions (yields 17-55%). Most sites (11 of 14) were known.
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Both the 3 novel sites and the 11 known sites represented ASO-
dependent off-targets effects as supported by sequence alignment
with the ASO (Supplementary Fig. 11). Notably, 5 of 14 off-target
sites showed attenuated editing in presence of the ASO. Sequence
analysis suggests that this was due to a steric blockade of those
specific natural editing sites by the ASO (Supplementary Fig. 12)
and was not due to a general sequestering of ADAR by the ADAR-
recruiting domain of the ASO. For comparison, the effect of IFN-a
on ADARI expression and on the editing homeostasis was clearly
visible (Supplementary Fig. 13), whereas no effects on ADARI
expression (Supplementary Fig. 13) and global editing homeostasis
(Fig. 3c) were detectable for the transfection of the ASO under both
conditions (with or without IFN-a).

To illustrate the therapeutic potential of RESTORE, we give
two examples. First, we targeted the functionally important phos-
photyrosine 701 in endogenous signal transducer and activator of
transcription 1 (STAT1)*. With an ASO v25 we achieved editing
yields of 21.0 +6.2% in primary fibroblasts and up to 7% in RPE
cells without IFN-a (Fig. 3d). With IFN-a, the yields increased to
32+7% (fibroblasts) and 19.7+2.5% (RPE). Overall, editing of
the endogenous STAT1 transcript was possible in moderate yields
in primary cell lines and HeLa cells. Second, we edited the PiZZ
mutation (E342K) in SERPINAL (serpin family A member 1), the
most common cause of al-antitrypsin (A1AT) deficiency”. Loss
of functional antitrypsin due to the PiZZ allele causes severe dam-
age to the lungs and the liver. Initially, we edited the E342K muta-
tion (5" CAA triplet) by overexpression of the mutated SERPINA1
cDNA in ADARI p150-expressing 293 Flp-In T-REx cells. When
applying an ASO v9.4, we achieved an editing yield of 29+2%
(Fig. 3e). The secretion of A1AT was measured by ELISA and was
normalized to the secretion by cells transfected with wild-type
SERPINA1 cDNA. The secretion level was elevated from 14 +1.8%
before to 27 +4.3% after repair. The 5" CAA triplet contains an
additional editable adenosine in closest proximity to the tar-
geted A. We indeed found off-target editing at this proximal site
(Supplementary Fig. 14); however, this was strongly reduced by
further chemical modification of the ASO (Supplementary Fig. 15),
as described before in the SNAP-ADAR system'. To test the
repair of the PiZZ mutation with endogenous ADAR, we created
a HeLa cell line stably expressing mutated SERPINA1 cDNA using
the piggyBac** system or by plasmid-borne overexpression of the
cDNA. With an ASO v25, we obtain editing yields of 19+2%
(piggyBac, with IFN-a), 18 +4% (plasmid-borne, with IFN-a) and
10 +4% (plasmid-borne, without IFN-«).

Several strategies for site-directed adenosine-to-inosine RNA
editing have been described so far, including SNAP-ADAR®, A
N-ADAR® and Cas13b-ADAR’. However, they all have severe limi-
tations with respect to therapy. First, all systems require the codeliv-
ery of an artificial deaminase together with a gRNA in appropriate
stoichiometry. Second, they all suffer from massive off-target edit-
ing (tens of thousands of sites) due to the overexpression of ADAR
fusions”'***, an unsolved problem®. By contrast, our RESTORE
approach simplifies the delivery and only a few off-target editing
events were observed in our experiments. Our ASOs recruit endog-
enous ADARs to edit endogenous transcripts in good to moder-
ate yields in many primary human cells. The editing yields are in
the range of or even better than those achieved with the recently
published Cas13b-ADAR strategy’ in HEK293 cells. The codon
scope of RESTORE is probably limited by the codon preferences
of natural ADARs”, but we have already demonstrated here the
editing of three different codons. The codon scope can be extended
when using engineered hyperactive deaminases’; however, this is
hampered by massive off-target editing®. In contrast, our data sug-
gest that RESTORE allows editing with minimal off-target effects
and without perturbing the natural editing homeostasis, unlike the
other strategies.
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ASOs have been developed as drugs to interact with RNase H,
RNA interference, and splicing'. RESTORE now adds the repro-
gramming of genetic information at specific sites by interaction
with ADARs. We demonstrated the editing of two disease-relevant
transcripts, SERPINAI and STATI, with v25 ASOs. Notably, the
delivery of therapeutically effective, chemically stabilized siRNAs
and ASOs into human liver has been achieved recently”*”. We
found primary hepatocytes comparably suitable for the RESTORE
approach, and good editing has already been achieved in absence
of IFN-a. Hepatocytes would also be the target for many inherited
genetic diseases, including a1-antitrypsin deficiency.

In the past, optimization of ASO sequence and chemistry was
crucial to creating drugs that are effective in the clinic'"*. We
found here that our ASOs accept dense chemical modification
and outcompete plasmid-borne gRNAs to recruit endogenous
ADARSs. There is still a large sequence and chemistry space to fur-
ther improve the pharmacological properties of ADAR-directing
ASOs—for example, to make the ASO shorter, to recruit ADARs
more efficiently, and to expand the approach to other ADAR iso-
forms. This last might allow good editing without IFN-a-driven
induction of ADARI1 pl150 in the future. However, we expect
IFN-o treatment to be more suitable in a therapeutic setting
than ectopic expression of ADARs™, as the latter could be dif-
ficult to deliver and control, whereas IFN-a is an approved drug®'.
Together, this work sets the stage for the development of a new
drug system to reprogram the transcriptome using only antisense
oligonucleotides.
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Methods

Antisense oligonucleotides. Unmodified RNA oligonucleotides were produced
by in vitro transcription from linear synthetic DNA templates (purchased from
Sigma-Aldrich, Germany) with T7 RNA polymerase (Thermo Scientific, USA) at
37°C overnight. The resulting RNA was precipitated in ethanol and purified via
urea (7 M) polyacrylamide (15%) gel electrophoresis (PAGE), extracted into water,
precipitated with ethanol and resuspended and stored in nuclease-free water. All
chemically modified RNA oligonucleotides purchased from Biospring (Germany),
Eurogentec (Belgium) or Dharmacon (USA). Long sequences were assembled from
two pieces by ligation. Sequences and modification patterns of all ASO are given in
Supplementary Table 1.

Analysis of RNA editing. Total RNA was extracted from the cells with the
RNeasy MinElute Kit (Qiagen, Germany). After DNase I (NEB, USA) treatment
and reverse transcription with M-MuLV reverse transcriptase (NEB, USA), a
subsequent PCR with Tag DNA polymerase (NEB) was performed. The resulting
DNA was purified on an agarose gel and analyzed by Sanger sequencing (Eurofins
Genomics, Germany). Adenosine-to-inosine editing yields were quantified by
measuring the height of the guanosine and adenosine peaks at the respective

site and dividing the guanosine peak height by the sum of the guanosine and
adenosine peak heights. If the reverse primer was used for sequencing, cytidine
and thymidine peaks were treated accordingly.

Cloning and editing with the plasmid-borne approach. Firefly luciferase was
expressed under control of a CMV promotor from a pShuttle-CMV plasmid (see
Supplementary Note 1). The W417X amber mutation was introduced via overlap
PCR. Sequences of the cloned products were verified by Sanger sequencing. The
R/G gRNAs were expressed under control of the U6 promotor from a modified
pSilencer backbone as described before’. Sequences of the cloned products were
verified by Sanger sequencing. Sequences of all applied R/G gRNAs are given in
Supplementary Table 1. Flp-In 293 T-REx cells (R78007, Thermo Fisher Scientific)
containing the respective genomically integrated ADAR version were generated
previously”". Cells were cultured in DMEM plus 10% EBS plus 100 pg/mL
hygromycin B plus 15 pg/mL blasticidin S. For editing, 2.5 X 10° cells/well
(ADAR1p110, ADARIp150) or 3 x 10° cells/well (ADAR2) were seeded into
poly-D-lysine-coated 24-well plates in 500 uL DMEM plus 10% FBS plus 10 ng/mL
doxycycline. Twenty-four hours later, transfection was performed with the
luciferase reporter plasmid (300 ng) and the R/G gRNA (1,300 ng) using a ratio of
Lipofectamine 2000 to plasmid of 3:1. The medium was changed every 24 h until
harvest. RNA was isolated and sequenced 72 h after transfection, as described
above. Results are reported in Supplementary Fig. 1.

Editing procedure with ASOs in ADAR-expressing 293 cells. Forty-eight hours
before ASO transfection, 2 X 10° of the respective ADAR-Flp-In 293 T-REx cells per
well were seeded in 24-well plates in DMEM plus 10%FBS containing 10 ng/mL
doxycycline for induction of ADAR gene expression. After 48h cells were

detached and reverse-transfected in 96-well plates. For this, the respective ASO

(5 pmol/well unless stated otherwise) and Lipofectamine 2000 (0.75 uL/well) were
each diluted with OptiMEM to a volume of 10 uL in separate tubes. After 5min, the
two solutions were mixed and 100 uL cell suspension (5 X 10* cells) in DMEM plus
10%FBS plus 10 ng/mL doxycycline was added to the transfection mixture inside
96-well plates. Twenty-four hours later, cells were harvested for RNA isolation and
sequencing as described above. Results are reported in Fig. 1¢ and Supplementary
Figs. 2, 3, 6 and 8a.

Editing procedure with ASO in HeLa cells. HeLa cells (cat. no. ATCC CCL-2)
were cultured in DMEM plus 10% FBS plus P/S (100 U/mL penicillin and 100 ug/mL
streptomycin). 5X 10* cells in 100 uL. DMEM plus 10% FBS (plus 600 units IFN-a

, Merck, cat. no. IF007, lot number 2937858) were added to a transfection mix

of 0.5 uL Lipofectamine 2000 and 5 pmol gRNA/well in a 96-well format. For
concurrent editing with two different ASOs, 2.5 pmol of each respective ASO were
cotransfected. After 24h cells were harvested for RNA isolation and sequencing.
Results are reported in Fig. 2a—f and Supplementary Fig. 7.

siRNA knockdown of ADAR isoforms and western blot. HeLa cells were
reverse transfected in 12-well format with 2.5 pmol siRNA against ADARL

(both isoforms, Dharmacon, SMARTpool: ON-TARGETplus ADAR (103)
siRNA, L-008630-00-0005), ADAR1p150 (Ambion (Life Technologies),

sense strand: 5'-GCCUCGCGGGCGCAAUGAALt; antisense strand:
5’-UUCAUUGCGCCCGCGAGGCat), ADAR2 (Dharmacon, SMARTpool: ON-
TARGETplus ADARBI (104) siRNA, L-009263-01-0005) or mock (Dharmacon,
siGENOME Non-Targeting siRNA Pool #2, D-001206-14-05). For this, 200 uL
of transfection mix, containing 2.5 uL of the respective siRNA (1nM) and 3 uL
HiPerFect (Qiagen, Germany) and OptiMEM, were distributed evenly in each
well before adding 800 uL DMEM plus 10% FBS containing 1.2 X 10° HeLa

cells. Medium was changed every 24 h. For RNA editing experiments, cells were
detached 48 h after siRNA transfection and were reverse-transfected with the
respective ASO as described above. For western blotting, cells were harvested and
lysed in urea lysis buffer (8 M urea, 100 mM NaH,PO,, 10 mM Tris, pH 8.0) 72h
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after reverse transfection of the siRNA. Shear force was applied using a 23-gauge
syringe, and the cell debris was removed by centrifugation at 30,000 g for 15 min

at 4°C. Then a Bradford assay was used to normalize total protein amounts, and
appropriate amounts of protein lysate in 1X Laemmli buffer were loaded for
SDS-PAGE (4% stacking, 12% separating gel). Proteins were transferred on a
PVDF membrane using a tank-blotting system at 30 V overnight. The membrane
was blocked in 5% nonfat dry milk TBST plus 50 ug/mL avidin for 2h at room
temperature, and was afterwards incubated with the primary antibodies (5% nonfat
dry milk TBST plus 1:1,000 anti-ADARI, Santa Cruz, sc-73408 or anti-ADAR?2,
Santa Cruz, sc-73409, plus 1:40,000 anti-beta-actin, Sigma Aldrich, A5441) at 4°C
overnight. The secondary antibodies (5% nonfat dry milk TBST plus 1:10,000
anti-mouse-HRP plus 1:50,000 Precision Protein StrepTactin-HRP Conjugate, Bio-
Rad, cat. no. 1610381) were incubated for 1.5h at room temperature. After each
antibody incubation, the membrane was washed three times for 5min with TBST.
Detection was performed using 1 mL of Clarity Western ECL Substrate (Bio-Rad)
and a Fusion SL Vilber Lourmat (Vilber). For antibodies, see also Supplementary
Table 2. Results are reported in Fig. 2¢,d and Supplementary Fig. 4.

Potency determination. For potency determination, HeLa cells were transfected as
described above with varying ASO amounts (39 fmol-20 pmol per well of a 96-well
plate). Results are reported in Fig. 2e.

Time course. For time course experiments, HeLa cells were transfected as described
above. Prior transfection cells were treated with IFN-o for 24 h (where indicated).
Cells were harvested for RNA isolation at the respective time points indicated. For
time points later than 24 h after transfection, cells were detached after 24h and
transferred into 24-well plates to avoid overgrowth. Medium (containing IFN-a
where indicated) was changed every 24h. Results are reported in Fig. 2f.

Screening of immortalized cell lines. ASO transfection was not systematically
optimized. All cells were cultured in DMEM plus 10% FBS plus P/S. 5x 10* cells
of the respective cell line per well of a 96-well plate (HeLa cells (cat. no. ATCC
CCL-2), U20S-Flp-In T-REx* (kind donation from Elmar Schiebel), SK-N-
BE(2) (cat. no. ATCC CRL-2271), U87MG (cat. no. ATCC HTB-14), Huh7 (CLS
GmbH, Heidelberg, cat. no. 300156), HepG2 (DSMZ, Braunschweig, Germany,
cat. no. ACC180), AKN-1(kind donation from the Niissler laboratory*), empty
HEK-Flp-In T-REx (R78007, Thermo Fisher scientific, stably transfected with
empty pcDNAS vector) and A549 (European Collection of Authenticated Cell
Cultures ECACC 86012804)) were reverse transfected with the respective ASO

(5 pmol per well of a 96-well plate) as described above for HeLa cells without
further optimization. Only SH-SY5Y (cat. no. ATCC CRL-2266) cells were reverse
transfected differently, in a 24-well format: to 100 uL transfection mix consisting of
2.5pL Lipofectamine 2000 and 25 pmol ASO in OptiMEM, 5X 10° cells in 500 L
medium (plus 3,000 U IFN-a) were added. Results are reported in Fig. 2g.

Screening of human primary cell lines. ASO transfection was not systematically
optimized. All primary cells were purchased from Lonza except for the primary
fibroblasts, which were a kind gift from the Valente laboratory"’. Primary
fibroblasts were cultured in DMEM plus 20%FBS. The other cell lines were
cultured in their respective commercial media as indicated: human umbilical

vein endothelial cells (HUVEC, Lonza cat. no. CC-2517) and human aortic
endothelial cells (HAEC, Lonza cat. no. CC-2535) in medium 200PRF (Thermo
Fisher Scientific cat. no. M200PRF500) with Low Serum Growth Supplement
(Thermo Fisher Scientific cat. no. S00310), normal human astrocytes (NHA,
Lonza cat. no. CC-2565) in ABM Basal Medium (Lonza cat. no. CC-3187) with
AGM SingleQuot Kit Supplementary & Growth Factors (Lonza cat. no. CC-4123),
human retinal pigment epithelial cells (H-RPE, Lonza cat. no. 194987) in EpiLife
Medium (Thermo Fisher Scientific cat. no. MEPI500CA) with Human Corneal
Growth Supplement (Thermo Fisher Scientific cat. no. S0095), and normal human
bronchial epithelial cells (NHBE, Lonza cat. no. CC-2540) in Airway Epithelial
Cell Basal Medium (LGC Standard cat. no. ATCC-PCS-300-030) with the
Bronchial Epithelial Cell Growth Kit (LGC Standard cat. no. ATCC-PCS-300-040).
Primary human hepatocytes (PHH, Lonza cat. no. HUCPI) were thawed in Cryo
HH thawing medium (Lonza cat. no. MCHT50), seeded in Hepatocyte Plating
Medium with Supplement (Lonza cat. no. MP100) and, 6 h after seeding, cultured
in Hepatocyte Maintenance Medium with Supplement (Lonza cat. no. MM250).
3.5x 10 HUVEC and HAEC, 1x 10° NHA, H-RPE and NHBE and 4.5 X% 10°

PHH cells were seeded 24 h before ASO transfection in 24-well format. For PHH,
rat collagen I-coated 24-well plates (GreinerBioOne) were used. Shortly before
forward transfection, medium was changed; 3,000 U IFN-o in 500 uL medium per
well was included if indicated. For each 24-well, 1.5uL Lipofectamine RNAIMAX
(Thermo Fisher Scientific) and 25 pmol ASO were diluted separately in a total
volume of 50 uL OptiMEM, respectively. After 5 min incubation the two solutions
were combined, and after another 20 min incubation, the 100 uL transfection

mix was evenly distributed in one well. After 24 h cells were harvested for RNA
isolation and sequencing. Results are reported in Fig. 2h.

OREF editing. If not indicated, ORF editing experiments were performed the same
as editing experiments in the 3" UTR for the respective cell lines as described
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above. For PHH, 7.5 uL RNAIMAX per well were used. Before reverse transcription
of RNA from cells treated with design v25 ASOs, total RNA was incubated with an
RNA strand reverse complementary to the respective ASO and heated to 95°C for
3 min. Results are reported in Fig. 3b and Supplementary Figs. 8-10.

Next-generation RNA sequencing experiment. The RNA editing experiment
was done by transfection of 5 pmol ASO against 5'-UAG OREF site #1 in the
ORF of GAPDH into HeLa cells as described above. For samples with IFN-a,
HeLa cells were treated with IFN-a 24 h before reverse transfection as described
above. Overall, four settings were carried out, each with an independent
duplicate. Those settings include (1) empty lipofection, (2) empty lipofection
plus IFN-a, (3) ASO transfection, and (4) ASO transfection plus IFN-a. RNA
was isolated with the RNeasy MinElute Kit, treated with DNase I, incubated
with an RNA strand reverse complementary to the respective ASO and heated
to 95°C for 3 min and purified again with the RNeasy MinElute Kit. Purified
RNA was delivered to CeGaT (Germany) for poly(A)* mRNA sequencing.

The library was prepared from 200ng RNA with the TruSeq Stranded mRNA
Library Prep Kit (Illumina, USA) and sequenced with a NovaSeq 6000 (50M
reads, 2 X 100 bp paired end, Illumina, USA). Results are reported in Fig. 3c and
Supplementary Figs. 11-13.

Mapping of RNA-seq and reads. We adopted a previously published pipeline to
accurately align RNA-seq reads onto the genome’*. We used BWA (version
0.7.10)* to align the reads to a combination of the reference genome sequences
and exonic sequences surrounding known splicing junctions from known gene
models. Each of the paired-end reads was mapped separately using the commands
“bwa aln fastqfile” and “bwa samse -n4”. We then chose the length of the splicing
junction to be slightly shorter than the RNA-seq reads to prevent redundant
alignment (i.e., 95bp for reads of 100bp length). The reference genomes used were
hg19 and the gene models were obtained through the UCSC Genome Browser

for Gencode, RefSeq, Ensembl, and UCSC Genes. We considered only uniquely
mapped reads with mapping quality g> 10 and used Picard’ to remove clonal
reads (PCR duplicates) mapped to the same location. Of these identical reads,
only the read with the highest mapping quality was kept for downstream analysis.
Unique and nonduplicate reads were subjected to local realignment and base score
recalibration using the IndelRealigner and TableRecalibration from the Genome
Analysis Toolkit (GATK, version 3.6)”. The above steps were applied separately to
each of the RNA-seq samples.

Identification of editing sites from RNA-seq data. We used the UnifiedGenotyper
from GATK" to call variants from the mapped RNA-seq reads. In contrast to

the usual practice of variant calling, we identified the variants with relatively
loose criteria by using the UnifiedGenotyper tool with options stand_call_conf 0,
stand_emit_conf 0, and output mode EMIT_VARIANTS_ONLY. Variants from
nonrepetitive and repetitive non-Alu regions were required to be supported by at
least three reads containing mismatches between the reference genome sequences
and RNA-seq. Supporting of one mismatch read was required for variants in Alu
regions. This set of variant candidates was subject to several filtering steps to
increase the accuracy of editing site calling. We first removed all known human
SNPs present in dbSNP build 137 (except SNPs of molecular type “cDNA”;
database version 135; http://www.ncbi.nlm.nih.gov/SNP/), the 1000 Genomes
Project, and the University of Washington Exome Sequencing Project (http://evs.
gs.washington.edu/EVS/). To remove false-positive RNA-seq variant calls due

to technical artifacts, further filters were applied as previously described***. In
brief, we required a variant call quality Q> 20 (refs. ***), discarded variants if
they occurred in the first 6 bases of a read*, removed variants in simple repeats™,
removed intronic variants that were within 4 bp of splice junctions, and discarded’”
variants in homopolymers. Moreover, we removed reads mapped to highly similar
regions of the transcriptome by BLAT. Finally, variants were annotated using
ANNOVAR (version 11122013)* based on gene models from Gencode, RefSeq,
Ensembl and UCSC.

Assignment of known versus novel sites. The resulting sets of sites identified from
RNA-seq data were compared with all sites available in the RADAR database’’ and
were subsequently referred to as ‘known’ sites if found in RADAR or ‘novel’sites if
not found.

Identification of significantly differently edited sites. We quantified editing levels
of edited sites with >50 reads coverage (combined coverage of both replicates)

NATURE BIOTECHNOLOGY

and performed Fisher’s exact tests followed by Benjamini-Hochberg’s multiple
test correction (adjusted P<0.01) to identify significantly differently edited sites
across the samples (absolute editing difference > 10%). Additional next-generation
sequencing quality data are given in the Supplementary Information.

SERPINAI editing and A1AT-ELISA. To obtain SERPINA1 cDNA for cloning,
total RNA was isolated from HepG2 cells and reverse transcribed. The E342K
mutation was inserted into the cDNA by PCR and both SERPINAI wild-type and
the E342K mutant were each cloned on a pcDNA3.1 vector under control of the
CMYV promotor using HindIII and Apal restriction. For genomic integration

of SERPINA1 using the piggyBac transposon system, the wild-type and mutant
c¢DNA was cloned on a PB-CA vector using the same restriction sites as above.

1 X 10° HeLa cells were seeded in a six-well plate 24 h before transfection. 1 ug of
the piggyBac transposase vector (Transposagen Biopharmaceuticals) and 2.5 g
of the SERPINA1 PB-CA vector were cotransfected using 10.5uL FuGENE6
(Promega) according to the manufacturer’s protocol. After 24 h, cells were selected
for 2 weeks in DMEM plus 10% FBS containing 10 ug/mL puromycin. For editing,
stably transfected or plasmid transfected (300 ng plasmid/0.9 uL FuGENES for
Hela and 100 ng plasmid/0.3 uL Lipofectamine 2000 for Flp-ADAR1p150 cells)
cells were reverse transfected with the respective ASO as described above. After
24h, cell culture supernatant was collected for the A1AT ELISA and cells were
harvested for RNA isolation and sequencing. The A1AT ELISA was performed
with a commercial kit (cat. no. ab108799, Abcam) according to the manufacturer’s
protocol. Samples from three biological replicates were measured in technical
duplicates. The A1AT protein amount was calculated from a standard curve using
linear regression. ASO v25 refers to the ASO with the common 3-nt gap around
the editing site; ASO v25.1 refers to an ASO of the same sequence but with an
additional chemical modification (2" O-methyl) close to the editing site (2-nt gap;
see also Supplementary Fig. 15 and Supplementary Table 1). Results are reported in
Fig. 3¢ and Supplementary Figs. 14 and 15.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

This manuscript provides Supplementary Information on primary data and

further controls (Supplementary Figs. 1-15), and it contains a table of ASOs
(Supplementary Table 1), a list of target sequences (Supplementary Note 1), and
spreadsheets with significantly differently edited sites (Supplementary Datasets 1-3).
The original next-generation sequencing data have been deposited in the NCBI
GEO database under accession code GSE121573. Code is available at
http://lilab.stanford.edu/SNPiR/.
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Supplementary Figure 1
Screening to improve the ADAR-recruiting domain

A plasmid borne screening assay was applied to screen for improved ADAR-recruiting domains. For this, plasmids expressing the
respective ASO as a chemically unmodified guideRNA from a U6 promotor were prepared. The guide RNA plasmids were co-
overexpressed together with a reporter contruct (firefly luciferase) in 293 Flp-In T-REx cells expressing a specific ADAR isoform
(A1p110 = ADAR1p110; Al1pl50 = ADAR1p150). Editing yields were determined by Sanger sequencing. Data are shown as the
meantSD, N=2 independent experiments
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Supplementary Figure 2
Sequencing traces for editing of a 5’ UAG site in the 3' UTR of GAPDH in 293 Flp-In T-REx ADAR cells

Exemplary editing traces for the editings shown in Figure 1C in the manuscript, but including additional controls (“No RNA” = empty
transfection; “18nt ASO no R/G” = ASO lacking the ADAR-recruiting domain; “unmod” means chemically unmodified, in-vitro transcribed
ASOs of the indicated design v1, v4 or v9.4. Red asterisks indicate the editing sites.
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Supplementary Figure 3

Editing yields for targeting a 5" UAG codon in the 3' UTR of GAPDH with chemically unmodified, in vitro transcribed ASOs in 293 Flp-In
T-REx ADAR cells

Unmodified in-vitro transcribed ASOs v1, v4 and v9.4 (5 pmol / 96well) were transfected into the respective ADAR-expressing Flp-In
cell line. Data are shown as the mean+SD, N=3 independent experiments. A1p110 = ADAR1p110; A1p150 = ADAR1p150
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Supplementary Figure 4
Western blot analysis of ADAR knockdown

The western blot shown in Figure 2D in the manuscript was merged from images generated with two different exposure times. The part
showing the ADAR bands comes from a 30 second exposure. The part showing B-actin from a 3 second exposure. The pictures were
captured by the FusionCapt Advance SL4 (16.09b) software installed on the Fusion SL Vilber Lourmat (Vilber) western blot analyzer.
No further image processing with respect to contrast or brightness was done. The western blot was done in technical duplicate.
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Supplementary Figure 5
Determination of the effective dose (EDso) of the respective ASO for editing GAPDH in the respective 293 Flp-In T-REx ADAR cells

Shown is an experiment completely analog to that shown in the manuscript in Figure 2E, but in the indicated ADAR-expressing 293 Flp-
In T-REX cell. Data are shown as the meanzSD, N=3 independent experiments.
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Supplementary Figure 6

Effect of cotransfection of a nontargeting ASO v9.5 or the chemically stabilized ADAR-recruiting domain v9.5 alone on the GAPDH 3'-
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UTR editing with ASO v9.5 in ADAR1p150-expressing 293 Flp-In T-REX cells

This is an additional control experiment. The on-target is the 5"-UAG codon in the 3"-UTR of GAPDH. A surveyed potential off-target is
the 5-UAG site in the 3-UTR of ACTB. SERPINA ASO v9.5 acts as a non-targeting control, as the target (SERPINA1) is not
expressed in this cell line. Another control is the ADAR-recruiting domain v9.5. This is the isolated, chemically stabilized ADAR-
recruiting domain lacking any specificity domain. An ASO v9.5 against the on-target was co-transfected with either the non-targeting
control or the control lacking a specificity domain. On-target editing requires the presences of the matching ASO. The surveyed
potential off-target (ACTB) was not edited to detectable level under any condition. The on-target yield was not perturbed by the
presence of the non-targeting ASO or the ADAR-recruiting domain alone, suggesting that only the combination of matching specificity
and ADAR-recruiting domain enables site-directed RNA editing. It further suggests that the natural editing capacity is not limiting the

editing reaction. (5 pmol ASO/96 well have been used)
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Supplementary Figure 7

Effect of cotransfection of a nontargeting ASO v9.5 or the chemically stabilized ADAR-recruiting domain v9.5 alone on the GAPDH 3'-
UTR editing with ASO v9.5, but for the recruitment of endogenous ADAR in HelLa cells without IFN-a.

This control experiment is the exact copy of the expriment shown in the preceding Supplementary Figure but was carried out in HeLa
cells, recruiting endogenous ADAR. Exactly the same results have been observed and the same conclusions can be drawn.
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Supplementary Figure 8
Editing of 5" UAG codons in the ORF of GAPDH versus 3' UTR in ADAR-expressing 293 Flp-In T-REXx cells

Editing of two different 5"-UAG codons in the ORF of GAPDH in 293 Flp-In T-REx ADAR cells (ORF #1 and #2). A) ORF site #2; here
the comparison was made to the editing of the 5"-UAG codon in the 3"-UTR; and all three ADAR-expressing 293 Flp-In T-REX cell lines
are included. B) The editing of the ORF site #1 was only tested in ADAR1-expressing Flp-In T-REx cell lines. The results are very
similar. Further editing experiments, as shown in Figure 3B, target ORF site #1. Data in A) and B) are shown as the meant+SD, N=3
independent experiments. A1p110 = ADAR1p110; A1p150 = ADAR1p150.
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Supplementary Figure 9
Sequencing traces for editing of a 5’ UAG site (ORF site 2) in the ORF of GAPDH in 293 Flp-In T-REx ADAR cells
Exemplary editing traces for the editings shown in Supplementary Figure 8A, but including additional controls (“No RNA” = empty

transfection; “18nt ASO no R/G” = ASO lacking the ADAR-recruiting domain. Red asterisks indicate the editing sites. A reverse primer
was used for sequencing.
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Supplementary Figure 10

Editing yields for the editing of a 5' UAG codon in the ORF of GAPDH in HelLa cells with ASO v25 containing a chemically unmodified
versus modified ADAR-recruiting domain

Here, an ASO v25 with a chemically unmodified ADAR-recruiting domain (unmod R/G), was compared to an ASO of the same
sequence with addititional chemical modifiaction (all pyrimidine nucleotides in the ADAR-recruiting domain are backbone 2'-O-
methylated). ASOs were transfected in HeLa cells. Data are shown as the mean+SD, N=3 independent experiments.
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Supplementary Figure 11
Analysis of off-target editing sites with increased editing yield upon ASO treatment

A) Besides the targeted site in GAPDH, 9 off-target editing sites were identified in ASO + IFN-a-treated cells compared to the control
(no ASO + IFN-a). Six of them (CHARC1, SOD2 #1-#5) were known editing sites and found to be already edited in the control, N=2
independent experiments. B) and C) The regions around the off-target sites were aligned to the ASO-interacting region (40 nt) of the
GAPDH transcript using MUSCLE (ebi.ac.uk/tools/msa/muscle/). The red A indicates the edited site and nucleotides matching to the
target sequence of the ASO in GAPDH are highlighted in turquois. The sequence alignment suggests that the editing at the three novel
editing sites (PRR11, GPR64, EFHD?2) is clearly induced by misguiding through the ASO. Notably, the strongest off-target (PRR11)
might be controllable by further chemical modification of the specificity domain of the ASO. Four of the nine off-target sites (SOD2 #2-5)
lack any strong homology to target region, also the edited codon is different from 5"-UAG. This makes it very unlikely that the off-target
editing at such sites was induced by the ASO via direct binding to the off-target site, also because those sites all reside in secondary
RNA structure (Alu elements). However, we found a potential ASO binding site in the 3"-UTR of SOD2 (panel D) around nt 2100ff.
(refering to NM_000636.3) that resides around 300 nt 5" to the first Alu element (nt 2380-2670) and around 1300 nt 5” to the second Alu
element (nt 3400-3525). Since all SOD2 off-target sites reside in the two Alu elements one could imagine an ASO-dependent induction
of the editing by either increase of the local ADAR concentration or by assisting the formation of an editable RNA secondary structure in
the Alu element.
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Supplementary Figure 12

CCAACTGCTTIGCACC--CCTGGCCAA GGECATCCATGACAA
GAGGCCAGGAGTTAGAGACCAGCCTGGCCAACAAGGCIAAACCCCGTCTCTACTAAAATATGAAAATTAGCTGG

Analysis of off-target editing sites with attenuated editing upon ASO treatment

A) Five editing sites, all located in Alu sequences, were found to be significantly less edited in ASO-transfected, IFN-a-treated cells
compared to the control lacking ASO transfection (but treated with IFN-a), N=2 independent experiments. B) and C) The regions
around the off-target sites were aligned to the ASO-interacting region (40 nt) of the GAPDH transcript using MUSCLE
(ebi.ac.uk/tools/msa/muscle/). The red A indicates the respective edited site and nucleotides matching with the ASO target sequence
on GAPDH are highlighted in turquois. For the most strongly affected site (MAGT1), but also for the other four sites, the ASO seems to
be able to bind tightly in proximity to the respective editing sites and therefore interrupt the dsRNA secondary structure of the Alu
repeat, which is required for editing. This suggests that the attenuated editing found at those sites is caused by direct interaction of the

ASO with the off-target transcript and is not due to a global sequestering of the ADAR enzyme by the ASO.
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Supplementary Figure 13
Effect of IFN-a and ASO treatment on ADAR1 expression and the natural editing homeostasis

A) FPKM values describing overall ADAR1 (p110+pl150) expression following IFN-a treatment and ASO administration. IFN-a
treatment induced ADAR1 expression in HelLa cells in a similar manner independent of ASO transfection. N=2 independent
experiments. B) Analysis of significantly differently edited sites after IFN-a treatment in HelLa cells (no ASO transfection). Editing
appears globally increased following IFN-a treatment. Significance of 20271 edited sites was tested using Fisher's exact test (two-
sided, p<0.01, N>50); 116 sites were detected as significantly differently edited. The NGS expriment was done in independent
duplicate.
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Supplementary Figure 14
Sequencing traces of editing the PiZZ mutation in SERPINA1, showing on- and off-target editing in the A-rich 5° CAA codon

Exemplary sequencing traces of the 3 experimental conditions shown in Figure 3E of the manuscript. Red arrows indicate off-target, red
asterisks indicate on-target editing sites, a reverse primer was used for sequencing. Shown are additional controls for empty
transfection, and for transfecting an ASO lacking the ADAR-recruiting domain (no R/G). A) Editing in ADAR1p150-expressing 293 Flp-
In T-REX cells; B) Editing of SERPINA1 PiZZ in HelLa cells expressing SERPINAL PiZZ either genomically integrated (piggyBac) or
transiently overexpressed (plasmid). In particular ASO v25 gave substantial off-target editing with the proximal adenosine in the
targeted 5°-CAA codon.
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Supplementary Figure 15
Improvement of editing specificity in the ASO:mRNA hybrid

Editing of the 5"-CAA codon to restore the E342K mutation in SERPINAL (a reverse primer was used here!) comes along with off target
editing at the nearest neighboring adenosine (see also preceding Supplementary Figure, panel B). To reduce proximal off-target
editing, the 3 nt gap in the modification pattern of the ASO was reduced to a 2 nt gap by putting an additional chemical modification (2"-
O-methyl uridine) opposite the off-target nucleotide. Two representative sequencing traces were selected from three very similar
replicates which show that the additional chemical modification strongly reduces the proximal off-target edit while only modestly
influencing the on target editing. (editing was performed in HelLa cells with SERPINAL1 PiZZ cDNA overexpressed from a plasmid, 5
pmol/96 well ASO was transfected)



Supplementary Notes and Tables

Supplementary Table 1: List of guideRNAs, ASOs and further oligonucleotides used in this study.

(N)=RNA base, [N]=2"-OMe RNA base, *=Phosphorothioate linkage, {N}=LNA base.

R/G guide RNAs expressed 5’-3’ sequence Figure

from plasmid

Luciferase R/G-v1 (GUGGAAUAGUAUAACAAUAUGCUAAAUGUUGUUAUAGUAUCCCACGUGCAGC SI1
CAGCCGUCCUCUAGAGGGCCCUGAAGAGGGCCC)

Luciferase R/G-v4 (GUGGAAGAGGAGAACAAUAUGCUAAAUGUUGUUCUCGUCUCCCACGUGCAGC SI1
CAGCCGUCCUCUAGAGGGCCCUGAAGAGGGCCC)

Luciferase R/G-v9.4 (GUGGUCGAGAAGAGGAGAACAAUAUGCUAAAUGUUGUUCUCGUCUCCUCGAC SI1
CACGUGCAGCCAGCCGUCCUCUAGAGGGCCCUGAAGAGGGCCC)

Chemically synthesized ASOs | 5’-3’ sequence Figure

ACTB 3'UTR 18nt [GC AAU G] (CCA) [UC AC] [C*][U*][C*][C*][C] Propandiol 2A

ACTB 3'UTR ASO v1 (GGUGA AUAGUAUAAC AAUAUGCUAA AUGUUGUUAU AGUAUCCACC) [GC AAU G] (CCA) [UC AC] 1C,2A
[C*][U*][C*][C*][C] Propandiol

ACTB 3'UTR ASO v4 (GGUGAAG AGGAGAACAA UAUGCUAAAU GUUGUUCUCG UCUCCACC)[GC AAU G](CCA) [uC 1C,2A
AC][C*][U*][C*][C*][C] Propandiol

ACTB 3'UTR ASO v9.4 (GGU GUC GAG AAG AGG AGA AC AAU AUG CUA AAU GUU GUU CUCGUC UCC UCG ACA CC) [GCAAU G] 1C,2A
(CCA) [UC AC] [C*][U*][C*][C*][C] Propandiol

GAPDH 3'UTR 18nt [AG GGG U] (CCA) [CA UG] [G*][C*][A*][A*][C] Propandiol 2A, SI2

GAPDH 3'UTR ASO v1 (GGUGA AUAGUAUAAC AAUAUGCUAA AUGUUGUUAU AGUAUCCACC) [AG GGG U] (CCA) [CA UG] 1C,2A, SI2
[G*][C*][A*][A*][C] Propandiol

GAPDH 3'UTR ASO v4 (GGUGAAG AGGAGAACAA UAUGCUAAAU GUUGUUCUCG UCUCCACC)[AG GGG U](CCA)[CA 1C,2A, SI2
UG][G*][C*][A*][A*][C] Propandiol

GAPDH 3'UTR ASO v9.4 (GGU GUC GAG AAG AGG AGA AC AAU AUG CUA AAU GUU GUU CUCGUC UCC UCG ACA CC) [AG GGG U] 1C,2A,28B, S12,
(CCA) [CA UG] [G*][C*][A*][A*][C] Propandiol SI5

GAPDH 3'UTR ASO v9.5 [G*][G*][U] (G)[U][C] (GAG AAG AGG AGA A)[C] (AA)[U] (A)[U](G) [CI[UI(A AA)[U] 2B, 2C, 2E, 2F,
(G)[UU](G)[UUCUC](G)[UCUCCUC](G A)[C](A) [CCAGGGGU] (CCA) [CAUG][G*][C*][A*] [A*][C] 2G, 2H, SI5, SI6,

SI7, SISA

GAPDH ORF1 ASO 18nt [GGG GUG] (CCA) [AG CA] [G*][U*][U*][G*][G] Propandiol SISB

GAPDH ORF1 ASO v9.4 (GGU GUC GAG AAG AGG AGA AC AAU AUG CUA AAU GUU GUU CUCGUC UCC UCG ACA CC)[GGG SI8B
GUG](CCA)[AG CA] [G*][U*][U*][G*][G] Propandiol

GAPDH ORF2 ASO 18nt [GGG GUG](CCA)[AG CA] [G*][U*][U*][G*][G] Propandiol E)

GAPDH ORF2 ASO v9.4 (GGU GUC GAG AAG AGG AGA AC AAU AUG CUA AAU GUU GUU CUCGUC UCC UCG ACA CC)[GU UUU U] SI8A, SI9
(CCA) [GA CG] [G*][C*][A*][G*][G] Propandiol

GAPDH ORF1 ASO v25 [GI*[G]*[V] (G)[U][C] (GAG AAG AGG AGA A)[C] (AA) [U] (A)[U](G) [CI[U](A AA)[U] (G)[U][U] (G)[U][V] 3B,3C, SI10-13
[CIUIIC](G)[VIIC) [VIICILC] [U][CI(G A)[C](A) [C][C] (VUGUCAUGGAUGACCUU GGCCA) [G] {G} [GG UG]
(CCA) [AGCA] {G*}U*][U*]{G*}[G] Aminolinker

GAPDH ORF1 ASO R/G [G]*[G]*[U] (GUCGAG AAG AGG AGA ACAAUAUGCUA AAUGUUGUUCUCGUCUCCUCG ACACC SI10

unmod v25 UUGUCAUGGAUGACCUU GGCCA) [G] {G} [GG UG] (CCA) [AGCA] {G*}U*][U*}{G*}[G] Aminolinker

SERPINA ASO v9.4 (GGU GUC GAG AAG AGG AGA AC AAU AUG CUA AAU GUU GUU CUCGUC UCC UCG ACA CC) [CCu uuC] 3E, SI6, SI7,
(UCG) [UCG A] [U*][G*][G*][U*][C] Propandiol SI14A

SERPINA ASO 40nt (CAUGGCCCCAGCAGCUUCAGUC) [C] {C}UUUC] (UCG) [UCGA{T*}G*] [G*] {T*} [C] Aminolinker SI14B

SERPINA ASO v25 [G*] [G*] [U] (G)[V][C] (GAG AAG AGG AGA A)[C] (AA) [U] (A)[U](G) [CI[U](A AA)[U] (G)[U][U] (G)[U][V] 3E, SI148B, SI15
[CIUIIC](G)[VIIC] [VIICIIC] [U][C](G A C A C C CAUGGCCCCAGCAGCUUCAGUC) [C] {CHUUUC] (UCG)
[UCGAN{T*}[G*] [G*] {T*} [C] Aminolinker

STAT1 ASO v25 [G*] [G*] [U] (G)[V][C] (GAG AAG AGG AGA A)[C] (AA) [U] (A)[U](G) [CI[U](A AA)[U] (G)[U][U] (G)[U][V] 3D
[CIVIICH(G)[VIICI[UIICIIC] [U][C](GACACCCA GACACAGAAAUCAACUCAGU) [C] {T} [UGAU] (ACA) [UCCA]
{G*} [U*] [U*] {C*}[C] Aminolinker

GAPDH 3'UTR unmod ASO v1 (GGUGA AUAGUAUAAC AAUAUGCUAA AUGUUGUUAU AGUAUCCACC AG GGG UCCACA UG GCAAC) SI2, SI3

GAPDH 3'UTR unmod ASO v4 (GGUGAAG AGGAGAACAA UAUGCUAAAU GUUGUUCUCG UCUCCACCAG GGG UCCACA UGGCAAC) SI2, SI3

GAPDH 3'UTR unmod ASO (GGU GUC GAG AAG AGG AGA AC AAU AUG CUA AAU GUU GUU CUCGUC UCC UCG ACA CCAG GGG U SI2, SI3

v9.4 CCACA UGGCAAC)

SERPINA ASO v25 2nt gap [G*] [G*] [U] (G)[U][C] (GAG AAG AGG AGA A)[C] (AA) [U] (A)[U](G) [CI[U](A AA)[U] (G)[U][U] (G)[U][U] 3E, SI15

also called ASO v25.1 in Fig. [CIVIICH(G)[VIIC] [UI[CIIC] [U]IC](G A C A C C CAUGGCCCCAGCAGCUUCAGUC) [C] {CHUUUCU] (CG)

3E [UCGAN{T*}[G*] [G*] {T*} [C] Aminolinker

Sense guideRNAs for RT PCR | 5’-3’ sequence Figure

GAPDH sense (GGACCAACUGCUUGGCACCCCUGGCCAAGGUCAUCCAUGACAACUUUGGUAUCGUGGAAGGACC) 3B, 3C




STAT1 sense

(GGGAACUGGAUCUAUCAAGACUGAGUUGAUUUCUGUGUCUGAAGUGUAAGUGAACACAGAA)

3D

SERPINA1 sense

(GGACCATCGACGAGAAAGGGACTGAAGCTGCTGGGGCCATG TAGAGGCCATACCCAT)

3E,SI148B, SI15

Supplementary Table 2: List of the antibodies used to generate the western blot illustrated in figure 2D.

Antibody Target Produced Immunoglobulin Dilution Supplier Order # Against Validation
Protein in Class used

ADAR1 o-ADAR1 Mouse monoclonal IgG 1:1000 Santa sc-73408 amino acids Validated in our lab

antibody Cruz 440-826 via siRNA KO and
correspondin Western Blot
g to the PMID: # 28669490
middle region | PMID: # 28278381
of ADAR1 of PMID: # 27573237
human origin

ADAR2 a-ADAR2 Mouse monoclonal IgG 1:1000 Santa sc-73409 N-terminal Validated in our lab

antibody Cruz region via overexpression
correspondin and Western Blot
g to amino PMID: # 26601943
acids 2-179 of | PMID: # 24345557
ADAR?2 of PMID: # 27907896
human origin

Clone AC- o-Beta- Mouse monoclonal IgG 1:40.000 Sigma A5441 Actin N- PMID: # 15809369

15 Actin Aldrich terminal PMID: # 15048076
peptide, Ac- PMID: # 21217779
Asp-Asp-Asp-
lle-Ala-Ala-
Leu-Val-lle-
Asp-Asn-Gly-
Ser-Gly-Lys




Supplementary Note 1. List of gene sequences and target sequences

Sequence of dual Luciferase Renilla 2A Firefly W417X reporter cDNA with chosen editing site (Firefly-
Luciferase W417X, yellow).

10 20 30 40 50 60

1 ATGACTTCGAAAGTTTATGATCCAGAACAAAGGAAACGGATGATAACTGGTCCGCAGTGG
1 M T S K VY DWPEIQRIKRMI TGP QW

70 80 90 100 110 120

61 TGGGCCAGATGTAAACAAATGAATGTTCTTGATTCATTTATTAATTATTATGATTCAGAA
21 W AR CIKQMNVLDSF 1T NY Y DS E

130 140 150 160 170 180

121 AAACATGCAGAAAATGCTGTTATTTTTTTACATGGTAACGCGGCCTCTTCTTATTTATGG
41 K HAENAV I FLHGNAASSY L W

190 200 210 220 230 240

181 CGACATGTTGTGCCACATATTGAGCCAGTAGCGCGGTGTATTATACCAGACCTTATTGGT
61 R HVVPHIEPVARTECI 1 PDULIG

250 260 270 280 290 300

241 ATGGGCAAATCAGGCAAATCTGGTAATGGTTCTTATAGGTTACTTGATCATTACAAATAT
81 M G K S G K S GNGS Y RLLDHY K'Y

310 320 330 340 350 360

301 CTTACTGCATGGTTTGAACTTCTTAATTTACCAAAGAAGATCATTTTTGTCGGCCATGAT
101 L T AWZFETLTULNLUPIKIKT1T 1 FV GHD

370 380 390 400 410 420

361 TGGGGTGCTTGTTTGGCATTTCATTATAGCTATGAGCATCAAGATAAGATCAAAGCAATA
121 W G A CLAFHY SY EHOQDIK KT KA

430 440 450 460 470 480

421 GTTCACGCTGAAAGTGTAGTAGATGTGATTGAATCATGGGATGAATGGCCTGATATTGAA
141 VHAESVVDVI1IESWDEWPTDI E

490 500 510 520 530 540

481 GAAGATATTGCGTTGATCAAATCTGAAGAAGGAGAAAAAATGGTTTTGGAGAATAACTTC
161 E DI A L1 KSEEGEI KMV L ENNF

550 560 570 580 590 600

541 TTCGTGGAAACCATGTTGCCATCAAAAATCATGAGAAAGTTAGAACCAGAAGAATTTGCA
181 FVETML®PSKI MRIKULEUPETEF A

610 620 630 640 650 660

601 GCATATCTTGAACCATTCAAAGAGAAAGGTGAAGTTCGTCGTCCAACATTATCATGGCCT
201 A Y L EPFKEIKG GEVRIRPTIL S WP

670 680 690 700 710 720

661 CGTGAAATCCCGTTAGTAAAAGGTGGTAAACCTGACGTTGTACAAATTGTTAGGAATTAT
221 R E 1 PLV KSGGIKUPDVV Q1 V RNY

730 740 750 760 770 780

721 AATGCTTATCTACGTGCAAGTGATGATTTACCAAAAATGTTTATTGAATCGGACCCAGGA
241 NAY LRASDUDTULWZPIKMMEFTILl ESDPGC

790 800 810 820 830 840

781 TTCTTTTCCAATGCTATTGTTGAAGGTGCCAAGAAGTTTCCTAATACTGAATTTGTCAAA
261 FFSNAI VEGAKI KT FPNTEFVK

850 860 870 880 890 900

841 GTAAAAGGTCTTCATTTTTCGCAAGAAGATGCACCTGATGAAATGGGAAAATATATCAAA
281 V X6 L HFSQEDAPUDEWMGTI KY 1l K

910 920 930 940 950 960

901 TCGTTCGTTGAGCGAGTTCTCAAAAATGAACAAGGAAGCGGAGCTACTAACTTCAGCCTG
301 S FVERVLIKNEI QGSGATNFS L

970 980 990 1000 1010 1020

961 CTGAAGCAGGCTGGAGACGTGGAGGAGAACCCTGGACCTATGGAAGATGCCAAAAACATT



321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

1741
581

1801
601

1861
621

1921
641

1981
661

2041
681

L K QAGDVEENPGPMETDAIKNI

1030 1040 1050 1060 1070 1080
AAGAAGGGCCCAGCGCCATTCTACCCACTCGAAGACGGGACCGCCGGCGAGCAGCTGCAC
K K 6 P AP FYPLEDGTAGTE QL H

1090 1100 1110 1120 1130 1140
AAAGCCATGAAGCGCTACGCCCTGGTGCCCGGCACCATCGCCTTTACCGACGCACATATC
K A°MKRY ALV PGTI AFTUDAHI

1150 1160 1170 1180 1190 1200
GAGGTGGACATTACCTACGCCGAGTACTTCGAGATGAGCGTTCGGCTGGCAGAAGCTATG
EV D1 TYAEYFEMSVRLAEAMWM

1210 1220 1230 1240 1250 1260
AAGCGCTATGGGCTGAATACAAACCATCGGATCGTGGTGTGCAGCGAGAATAGCTTGCAG
K RY GLNTNMHRI VYV CSENSILDQ

1270 1280 1290 1300 1310 1320
TTCTTCATGCCCGTGTTGGGTGCCCTGTTCATCGGTGTGGCTGTGGCCCCAGCTAACGAC
FFMPVLGALZFI GV AV AP ANTD

1330 1340 1350 1360 1370 1380
ATCTACAACGAGCGCGAGCTGCTGAACAGCATGGGCATCAGCCAGCCCACCGTCGTATTC
Il YNERELILNSMGTII S QP TV V F

1390 1400 1410 1420 1430 1440
GTGAGCAAGAAAGGGCTGCAAAAGATCCTCAACGTGCAAAAGAAGCTACCGATCATACAA
vV S K K 6L Q K I L NV Q KK LP T 1 Q

1450 1460 1470 1480 1490 1500
AAGATCATCATCATGGATAGCAAGACCGACTACCAGGGCTTCCAAAGCATGTACACCTTC
K 1 1 1 MDSKTWDYQGF QS MY TF

1510 1520 1530 1540 1550 1560

GTGACTTCCCATTTGCCACCCGGCTTCAACGAGTACGACTTCGTGCCCGAGAGCTTCGAC
v T S HLUPWPGIFNZEYDTFVPESFD

1570 1580 1590 1600 1610 1620
CGGGACAAAACCATCGCCCTGATCATGAACAGTAGTGGCAGTACCGGATTGCCCAAGGGC
R DK TI1ALIT MNSSGS TG GL P KG

1630 1640 1650 1660 1670 1680
GTAGCCCTACCGCACCGCACCGCTTGTGTCCGATTCAGTCATGCCCGCGACCCCATCTTC
VALPHRTACVRIFSWHARTIDUPIF

1690 1700 1710 1720 1730 1740
GGCAACCAGATCATCCCCGACACCGCTATCCTCAGCGTGGTGCCATTTCACCACGGCTTC
G NQT1 1 PDTAI LSV VPFHHGF

1750 1760 1770 1780 1790 1800
GGCATGTTCACCACGCTGGGCTACTTGATCTGCGGCTTTCGGGTCGTGCTCATGTACCGC
G MFTTWLGY L1 CGFWRVVLMYR

1810 1820 1830 1840 1850 1860
TTCGAGGAGGAGCTATTCTTGCGCAGCTTGCAAGACTATAAGATTCAATCTGCCCTGCTG
FEEELUFLWRSULOQDYK 1T QS AL L

1870 1880 1890 1900 1910 1920

GTGCCCACACTATTTAGCTTCTTCGCTAAGAGCACTCTCATCGACAAGTACGACCTAAGC
v P TLFSFFAKSTUL1 DK KY DL S

1930 1940 1950 1960 1970 1980
AACTTGCACGAGATCGCCAGCGGCGGGGCGCCGCTCAGCAAGGAGGTAGGTGAGGCCGTG
N L HETI ASGGAPTLSIKEVGE AV

1990 2000 2010 2020 2030 2040
GCCAAACGCTTCCACCTACCAGGCATCCGCCAGGGCTACGGCCTGACAGAAACAACCAGC
A K RFHLWPGIROQGY GLTETTS

2050 2060 2070 2080 2090 2100

GCCATTCTGATCACCCCCGAAGGGGACGACAAGCCTGGCGCAGTAGGCAAGGTGGTGCCC
Al LI T PEGDU DI KUPGAV G KV VP



2110 2120 2130 2140 2150 2160

2101 TTCTTCGAGGCTAAGGTGGTGGACTTGGACACCGGTAAGACACTGGGTGTGAACCAGCGC
701 FFEAKVVDLDTSGIKTULG GV NQR
2170 2180 2190 2200 2210 2220
2161 GGCGAGCTGTGCGTCCGTGGCCCCATGATCATGAGCGGCTACGTTAACAACCCCGAGGCT
721 G ELCVRGPMI MSGY VNNPE A
2230 2240 2250 2260 2270 2280
2221 ACAAACGCTCTCATCGACAAGGACGGCTAGCTGCACAGCGGCGACATCGCCTACTGGGAC
741 T NAL I DKDG®™>*LHS GD I A Y WD
2290 2300 2310 2320 2330 2340
2281 GAGGACGAGCACTTCTTCATCGTGGACCGGCTGAAGAGCCTGATCAAATACAAGGGCTAC
761 EDEHZFFI1VDRULIKSTULI KY KGY
2350 2360 2370 2380 2390 2400
2341 CAGGTAGCCCCAGCCGAACTGGAGAGCATCCTGCTGCAACACCCCAACATCTTCGACGCC
781 Q VA PAELESTI1TLLOQHZPNIFDA
2410 2420 2430 2440 2450 2460
2401 GGGGTCGCCGGCCTGCCCGACGACGATGCCGGCGAGCTGCCCGCCGCAGTCGTCGTGCTG
801 G VAGL®PDIDUDAGETLUZPAAVV VL
2470 2480 2490 2500 2510 2520
2461 GAACACGGTAAAACCATGACCGAGAAGGAGATCGTGGACTATGTGGCCAGCCAGGTCACA
821 EHGKTMTEI KETIVDYVASOQVT
2530 2540 2550 2560 2570 2580
2521 ACCGCCAAGAAGCTGCGCGGTGGTGTTGTGTTCGTGGACGAGGTGCCTAAAGGACTGACC
841 T AKIKULWRGSGVV FVDEVZPKGTLT
2590 2600 2610 2620 2630 2640
2581 GGCAAGTTGGACGCCCGCAAGATCCGCGAGATTCTCATTAAGGCCAAGAAGGGCGGCAAG
861 G K L DARIKI1IRETILIKAIKIKG GG K
2650
2641 ATCGCCGTGTAA
881 I AV *

Sequence of GAPDH mRNA isoform 1 (NM_002046.5) with chosen editing sites (yellow).

10 20 30 40 50 60
1 GCCTCAAGACCTTGGGCTGGGACTGGCTGAGCCTGGCGGGAGGCGGGGTCCGAGTCACCG
1

70 80 90 100 110 120

61 CCTGCCGCCGCGCCCCCGGTTTCTATAAATTGAGCCCGCAGCCTCCCGCTTCGCTCTCTG
20

130 140 150 160 170 180
121 CTCCTCCTGTTCGACAGTCAGCCGCATCTTCTTTTGCGTCGCCAGCCGAGCCACATCGCT
40

190 200 210 220 230 240
181 CAGACACCATGGGGAAGGTGAAGGTCGGAGTCAACGGATTTGGTCGTATTGGGCGCCTGG
60 M G KV KV GV NGFGR I G R L

250 260 270 280 290 300
241 TCACCAGGGCTGCTTTTAACTCTGGTAAAGTGGATATTGTTGCCATCAATGACCCCTTCA
80 vV T RAAFNSGIKVDI1IVATINUDPF

310 320 330 340 350 360
301 TTGACCTCAACTACATGGTTTACATGTTCCAATATGATTCCACCCATGGCAAATTCCATG
100 I bDbLNYMVYMZFOQYDSTHGKFH

370 380 390 400 410 420
361 GCACCGTCAAGGCTGAGAACGGGAAGCTTGTCATCAATGGAAATCCCATCACCATCTTCC
120 G TV KAENGIKULV I NGNUPI1T T I F

430 440 450 460 470 480
421 AGGAGCGAGATCCCTCCAAAATCAAGTGGGGCGATGCTGGCGCTGAGTACGTCGTGGAGT
140 Q ERDUPS K1 KWGDAGATEY V VE

490 500 510 520 530 540
481 CCACTGGCGTCTTCACCACCATGGAGAAGGCTGGGGCTCATTTGCAGGGGGGAGCCAAAA

160 s T 666GV FTTMEIKAGAHTLZ QGG AK



550 560 570 580 590 600

541 GGGTCATCATCTCTGCCCCCTCTGCTGATGCCCCCATGTTCGTCATGGGTGTGAACCATG
180 R v 11 S APSADAPMEFVMGV NH
610 620 630 640 650 ORF site #1
601 AGAAGTATGACAACAGCCTCAAGATCATCAGCAATGCCTCCTGCACCACCAACTGCTTAG
200 E K YDNSLIKTI1IT I SNASTZCTTNT CL
670 680 690 700 710 720
661 CACCCCTGGCCAAGGTCATCCATGACAACTTTGGTATCGTGGAAGGACTCATGACCACAG
220 AP LAKV I HDNWFGI1I VESGLMTT
730 740 750 760 770 780
721 TCCATGCCATCACTGCCACCCAGAAGACTGTGGATGGCCCCTCCGGGAAACTGTGGCGTG
240 VHAI1I TATAOQIKTVDSGU®PSGIKLWR
790 800 810 820 830 840
781 ATGGCCGCGGGGCTCTCCAGAACATCATCCCTGCCTCTACTGGCGCTGCCAAGGCTGTGG
260 DGR GALOQNTI T PASTGAAIKAYV
850 860 870 880 890 900
841 GCAAGGTCATCCCTGAGCTGAACGGGAAGCTCACTGGCATGGCCTTCCGTGTCCCCACTG
280 G K Vv I PELNGIKULTGMAFRVPT
910 920 930 ORF site #2 960
901 CCAACGTGTCAGTGGTGGACCTGACCTGCCGTCTAGAAAAACCTGCCAAATATGATGACA
300 ANV SV VDLTT CRLEIKPAIKYDTD
970 980 990 1000 1010 1020
961 TCAAGAAGGTGGTGAAGCAGGCGTCGGAGGGCCCCCTCAAGGGCATCCTGGGCTACACTG
320 I K K VvV KQASEG®PLIKGTIHILGYT
1030 1040 1050 1060 1070 1080
1021 AGCACCAGGTGGTCTCCTCTGACTTCAACAGCGACACCCACTCCTCCACCTTTGACGCTG
340 EHQVV SSDFNSDTMHSSTFD A
1090 1100 1110 1120 1130 1140
1081 GGGCTGGCATTGCCCTCAACGACCACTTTGTCAAGCTCATTTCCTGGTATGACAACGAAT
360 G AGI AL NDHFVKLTIDITSWYDNE
1150 1160 1170 1180 1190 1200
1141 TTGGCTACAGCAACAGGGTGGTGGACCTCATGGCCCACATGGCCTCCAAGGAGTAAGACC
380 F GY SNRVVDLMAHMMASIKE *
1210 1220 1230 1240 1250 1260
1201 CCTGGACCACCAGCCCCAGCAAGAGCACAAGAGGAAGAGAGAGACCCTCACTGCTGGGGA
400
1270 1280 1290 1300 1310 37-UTR site
1261 GTCCCTGCCACACTCAGTCCCCCACCACACTGAATCTCCCCTCCTCACAGTTGCCATGTA
420
1330 1340 1350 1360 1370 1380
1321 GACCCCTTGAAGAGGGGAGGGGCCTAGGGAGCCGCACCTTGTCATGTACCATCAATAAAG
440
1390 1400 1410 1420
1381 TACCCTGTGCTCAACCAGTTAAAAAAAAAAAAAAAAAAAAA

Sequence of 3-actin mMRNA (NM_001101.3) with chosen editing site (yellow).

10 20 30 40 50 60

1 ACCGCCGAGACCGCGTCCGCCCCGCGAGCACAGAGCCTCGCCTTTGCCGATCCGCCGCCC
1 T A ETASAPRAQSLAFADUZPUPP

70 80 90 100 110 120

61 GTCCACACCCGCCGCCAGCTCACCATGGATGATGATATCGCCGCGCTCGTCGTCGACAAC
21 VHTRROQLTMDU DU DI AALV V DN

130 140 150 160 170 180

121 GGCTCCGGCATGTGCAAGGCCGGCTTCGCGGGCGACGATGCCCCCCGGGCCGTCTTCCCC
41 G S G MCKAGFAGDU DA APRAVEFUP

190 200 210 220 230 240

181 TCCATCGTGGGGCGCCCCAGGCACCAGGGCGTGATGGTGGGCATGGGTCAGAAGGATTCC
61 s 1 vV6GRPRHQGV MV GMGQ K D S

250 260 270 280 290 300

241 TATGTGGGCGACGAGGCCCAGAGCAAGAGAGGCATCCTCACCCTGAAGTACCCCATCGAG
81 Y v 66D EAQSKIRSGTI1ILTULIKYP I E

310 320 330 340 350 360

301 CACGGCATCGTCACCAACTGGGACGACATGGAGAAAATCTGGCACCACACCTTCTACAAT
101 H GG 1 VvV T NWDIDMEIK I WHUHTF Y N

370 380 390 400 410 420

361 GAGCTGCGTGTGGCTCCCGAGGAGCACCCCGTGCTGCTGACCGAGGCCCCCCTGAACCCC

121 E LRV APEEMHWPVLLTEAPTLNP



421
141

481
161

541
181

601
201

661
221

721
241

781
261

841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

1741
581

1801
601

430 440 450 460 470 480
AAGGCCAACCGCGAGAAGATGACCCAGATCATGTTTGAGACCTTCAACACCCCAGCCATG
K ANREKMTOQI M F ETZFNTPAWM

490 500 510 520 530 540
TACGTTGCTATCCAGGCTGTGCTATCCCTGTACGCCTCTGGCCGTACCACTGGCATCGTG
Y VA I Q AVLSLYASGRTTGIV

550 560 570 580 590 600
ATGGACTCCGGTGACGGGGTCACCCACACTGTGCCCATCTACGAGGGGTATGCCCTCCCC
Mm bDSGDGV THTVZPI1I Y EGYALP
610 620 630 640 650 660
CATGCCATCCTGCGTCTGGACCTGGCTGGCCGGGACCTGACTGACTACCTCATGAAGATC
H A1 LRLDULAGRDTULTUDY LMK
670 680 690 700 710 720
CTCACCGAGCGCGGCTACAGCTTCACCACCACGGCCGAGCGGGAAATCGTGCGTGACATT
L TERGYSFTTTAEWRTETL1V RD.I
730 740 750 760 770 780
AAGGAGAAGCTGTGCTACGTCGCCCTGGACTTCGAGCAAGAGATGGCCACGGCTGCTTCC
K EKLCYV ALUDU FE- QEMATAAS

790 800 810 820 830 840
AGCTCCTCCCTGGAGAAGAGCTACGAGCTGCCTGACGGCCAGGTCATCACCATTGGCAAT
S S S L EK SY ELPDGOQUV I T 1 GN

850 860 870 880 890 900

GAGCGGTTCCGCTGCCCTGAGGCACTCTTCCAGCCTTCCTTCCTGGGCATGGAGTCCTGT
ERFRZCPEALZFOQPSZFLGMMESTC
910 920 930 940 950 960
GGCATCCACGAAACTACCTTCAACTCCATCATGAAGTGTGACGTGGACATCCGCAAAGAC
G I HETTZFNSIMIKTCDVDI RKD
970 980 990 1000 1010 1020
CTGTACGCCAACACAGTGCTGTCTGGCGGCACCACCATGTACCCTGGCATTGCCGACAGG
LY ANTVLSGGTTMY®PG 1 ADTR

1030 1040 1050 1060 1070 1080
ATGCAGAAGGAGATCACTGCCCTGGCACCCAGCACAATGAAGATCAAGATCATTGCTCCT
M Q K E I T ALAPSTMIKT1TK1T1T 1 AP

1090 1100 1110 1120 1130 1140
CCTGAGCGCAAGTACTCCGTGTGGATCGGCGGCTCCATCCTGGCCTCGCTGTCCACCTTC
P ERKY SVWIGGS 1T LASLSTF

1150 1160 1170 1180 1190 1200

CAGCAGATGTGGATCAGCAAGCAGGAGTATGACGAGTCCGGCCCCTCCATCGTCCACCGC
Q QMWI1SKO QETYTDTESTGPSTIVHR R

1210 1220 1230 1240 1250 1260
AAATGCTTCTAGGCGGACTATGACTTAGTTGCGTTACACCCTTTCTTGACAAAACCTAAC
K C F *
1270 1280 1290 1300 1310 1320
TTGCGCAGAAAACAAGATGAGATTGGCATGGCTTTATTTGTTTTTTTTGTTTTGTTTTGG
1330 1340 1350 1360 1370 1380
TTTTTTTTTTTTTTTTGGCTTGACTCAGGATTTAAAAACTGGAACGGTGAAGGTGACAGC
1390 1400 1410 1420 1430 1440
AGTCGGTTGGAGCGAGCATCCCCCAAAGTTCACAATGTGGCCGAGGACTTTGATTGCACA
1450 1460 1470 1480 1490 1500
TTGTTGTTTTTTTAATAGTCATTCCAAATATGAGATGCGTTGTTACAGGAAGTCCCTTGC
C
1510 1520 1530 1540 1550 1560
CATCCTAAAAGCCACCCCACTTCTCTCTAAGGAGAATGGCCCAGTCCTCTCCCAAGTCCA
1570 3"-UTR site 1600 1610 1620
CACAGGGGAGGTGATAGCATTGCTTTCGTGTAAATTATGTAATGCAAAATTTTTTTAATC
1630 1640 1650 1660 1670 1680
TTCGCCTTAATACTTTTTTATTTTGTTTTATTTTGAATGATGAGCCTTCGTGCCCCCCCT
p
1690 1700 1710 1720 1730 1740

TCCCCCTTTTTTGTCCCCCAACTTGAGATGTATGAAGGCTTTTGGTCTCCCTGGGAGTGG

1750 1760 1770 1780 1790 1800
GTGGAGGCAGCCAGGGCTTACCTGTACACTGACTTGAGACCAGTTGAATAAAAGTGCACA

1810 1820 1830 1840 1850
CCTTAAAAATGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA



Sequence of STAT1 mRNA (NM_007315.3) with chosen editing site Y701 (yellow).

10 20 30 40 50 60
1 GCTGAGCGCGGAGCCGCCCGGTGATTGGTGGGGGCGGAAGGGGGCCGGGCGCCAGCGCTG
1
70 80 90 100 110 120
61 CCTTTTCTCCTGCCGGGTAGTTTCGCTTTCCTGCGCAGAGTCTGCGGAGGGGCTCGGCTG
21
130 140 150 160 170 180
121 CACCGGGGGGATCGCGCCTGGCAGACCCCAGACCGAGCAGAGGCGACCCAGCGCGCTCGG
41
190 200 210 220 230 240
181 GAGAGGCTGCACCGCCGCGCCCCCGCCTAGCCCTTCCGGATCCTGCGCGCAGAAAAGTTT
61
250 260 270 280 290 300
241 CATTTGCTGTATGCCATCCTCGAGAGCTGTCTAGGTTAACGTTCGCACTCTGTGTATATA
81
310 320 330 340 350 360
301 ACCTCGACAGTCTTGGCACCTAACGTGCTGTGCGTAGCTGCTCCTTTGGTTGAATCCCCA
101
370 380 390 400 410 420
361 GGCCCTTGTTGGGGCACAAGGTGGCAGGATGTCTCAGTGGTACGAACT TCAGCAGCTTGA
121 M S QWYETLTG QT QTL D
430 440 450 460 470 480
421 CTCAAAATTCCTGGAGCAGGTTCACCAGCTTTATGATGACAGTTTTCCCATGGAAATCAG
141 S KFLEQVHOQLYODODSTFFPMETI R
490 500 510 520 530 540
481 ACAGTACCTGGCACAGTGGTTAGAAAAGCAAGACTGGGAGCACGCTGCCAATGATGTTTC
161 Q Y LAQWTLTETKT QT DWTETHAANTDV S
550 560 570 580 590 600
541 ATTTGCCACCATCCGTTTTCATGACCTCCTGTCACAGCTGGATGATCAATATAGTCGCTT
181 FATI1RTFHDTLTLST OQTLTUDTODTG OTVYSTR RF
610 620 630 640 650 660
601 TTCTTTGGAGAATAACTTCTTGCTACAGCATAACATAAGGAAAAGCAAGCGTAATCTTCA
201 S LENNTFLTLG GQHNTIEIRIEKTST KT RNTLDQ
670 680 690 700 710 720
661 GGATAATTTTCAGGAAGACCCAATCCAGATGTCTATGATCATTTACAGCTGTCTGAAGGA
221 DNF QETDTPTIOQMSMITIYSTCTLKE
730 740 750 760 770 780
721 AGAAAGGAAAATTCTGGAAAACGCCCAGAGATTTAATCAGGCTCAGTCGGGGAATATTCA
241 ERKILTENAGQRTFNOG QA QSG GNTIQ
790 800 810 820 830 840
781 GAGCACAGTGATGTTAGACAAACAGAAAGAGCTTGACAGTAAAGTCAGAAATGTGAAGGA
261 S TV MLUDGEKT QEKTETLTDST KVRNV KD
850 860 870 880 890 900
841 CAAGGTTATGTGTATAGAGCATGAAATCAAGAGCCTGGAAGATTTACAAGATGAATATGA
281 K VMCI1EHTETITKSTLTETDTLTG QDTETVYD
910 920 930 940 950 960
901 CTTCAAATGCAAAACCTTGCAGAACAGAGAACACGAGACCAATGGTGTGGCAAAGAGTGA
301 F KCKTTLGOQNT RETHTETNGVATZKSD
970 980 990 1000 1010 1020
961 TCAGAAACAAGAACAGCTGTTACTCAAGAAGATGTATTTAATGCTTGACAATAAGAGAAA
321 Q KQ EQLLLTEKTEKMYTLMLTDNKTR K
1030 1040 1050 1060 1070 1080
1021 GGAAGTAGTTCACAAAATAATAGAGTTGCTGAATGTCACTGAACTTACCCAGAATGCCCT
341 EVVHKTIIETLTLNVTETLTQ QNAL
1090 1100 1110 1120 1130 1140
1081 GATTAATGATGAACTAGTGGAGTGGAAGCGGAGACAGCAGAGCGCCTGTATTGGGGGGCC
361 I NDELVEWT KT RTRIOQOQSACTIGG P
1150 1160 1170 1180 1190 1200
1141 GCCCAATGCTTGCTTGGATCAGCTGCAGAACTGGTTCACTATAGT TGCGGAGAGTCTGCA
381 P NACTLTUDTO QLG QNMWFTIVATETSTLDQ
1210 1220 1230 1240 1250 1260

1201 GCAAGTTCGGCAGCAGCTTAAAAAGTTGGAGGAATTGGAACAGAAATACACCTACGAACA



401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

1741
581

1801
601

1861
621

1921
641

1981
661

2041
681

2101
701

2161
721

2221
741

2281
761

2341
781

2401
801

2461
821

2521
841

2581
861

2641
881

Q VR QOQLIKT KTLTETETLTETG QK KTYTYEH
1270 1280 1290 1300 1310 1320
TGACCCTATCACAAAAAACAAACAAGTGTTATGGGACCGCACCTTCAGTCTTTTCCAGCA
DPI1TIKNZKG QVLWDTR RTTFESTLTFETQ QO
1330 1340 1350 1360 1370 1380
GCTCATTCAGAGCTCGTTTGTGGTGGAAAGACAGCCCTGCATGCCAACGCACCCTCAGAG
L1 QS SFVVEZRU QPG CMPTHTPO QR
1390 1400 1410 1420 1430 1440
GCCGCTGGTCTTGAAGACAGGGGTCCAGTTCACTGTGAAGTTGAGACTGTTGGTGAAATT
PLVLIKTGVOQFTVIKTLT RTLTLVK.HL
1450 1460 1470 1480 1490 1500
GCAAGAGCTGAATTATAATTTGAAAGTCAAAGTCTTATTTGATAAAGATGTGAATGAGAG
Q ELNYNTLTKVYTZ KVLTFDTKTDVNETR
1510 1520 1530 1540 1550 1560
AAATACAGTAAAAGGATTTAGGAAGTTCAACATTTTGGGCACGCACACAAAAGTGATGAA
NTVEKGTFRTE KT FNTILGTHTTI KUVMN
1570 1580 1590 1600 1610 1620
CATGGAGGAGTCCACCAATGGCAGTCTGGCGGCTGAATTTCGGCACCTGCAATTGAAAGA
M EESTNGS STLAATETFT RHTLTOTLKE
1630 1640 1650 1660 1670 1680
ACAGAAAAATGCTGGCACCAGAACGAATGAGGGTCCTCTCATCGTTACTGAAGAGCTTCA
QO KNAGTRTNETGTPTLTIVTTETETLH
1690 1700 1710 1720 1730 1740
CTCCCTTAGTTTTGAAACCCAATTGTGCCAGCCTGGTTTGGTAATTGACCTCGAGACGAC
SLSFETOQLGC COQPGLVIDLTETT

1750 1760 1770 1780 1790 1800
CTCTCTGCCCGTTGTGGTGATCTCCAACGTCAGCCAGCTCCCGAGCGGTTGGGCCTCCAT
S LPVVVISNVSQLZPSGWAS'I
1810 1820 1830 1840 1850 1860

CCTTTGGTACAACATGCTGGTGGCGGAACCCAGGAATCTGTCCTTCTTCCTGACTCCACC
L wWyYNMLVAEPRNLSUFZFLTPP
1870 1880 1890 1900 1910 1920
ATGTGCACGATGGGCTCAGCTTTCAGAAGTGCTGAGTTGGCAGTTTTCTTCTGTCACCAA
C ARWAQLSEVLSWAOQFS SV TK
1930 1940 1950 1960 1970 1980
AAGAGGTCTCAATGTGGACCAGCTGAACATGTTGGGAGAGAAGCTTCTTGGTCCTAACGC
R G LNVDOQLNMLTGEI KTILTULGUPNA

1990 2000 2010 2020 2030 2040
CAGCCCCGATGGTCTCATTCCGTGGACGAGGTTTTGTAAGGAAAATATAAATGATAAAAA
s PDGLI1PWTRE FTCIKENTITIND KN
2050 2060 2070 2080 2090 2100
TTTTCCCTTCTGGCTTTGGATTGAAAGCATCCTAGAACTCATTAAAAAACACCTGCTCCC
FPFWILWIES 1T LETULTI1I KKHLLP
2110 2120 2130 2140 2150 2160
TCTCTGGAATGATGGGTGCATCATGGGCTTCATCAGCAAGGAGCGAGAGCGTGCCCTGTT
L wNDSGT CIMGE F1T S KERERATLL
2170 2180 2190 2200 2210 2220

GAAGGACCAGCAGCCGGGGACCTTCCTGCTGCGGTTCAGTGAGAGCTCCCGGGAAGGGGC

2230 2240 2250 2260 2270 2280
CATCACATTCACATGGGTGGAGCGGTCCCAGAACGGAGGCGAACCTGACTTCCATGCGGT
I T F TWVERS QNG GG GEWPDFHAYV

2290 2300 2310 2320 2330 2340
TGAACCCTACACGAAGAAAGAACTTTCTGCTGTTACTTTCCCTGACATCATTCGCAATTA
E PYTK KELSAV TZFUPDTI I RNY
2350 2360 2370 2380 2390 2400

CAAAGTCATGGCTGCTGAGAATATTCCTGAGAATCCCCTGAAGTATCTGTATCCAAATAT
K v M A°NAENITPENPLIKY LY P NI
2410 2420 2430 2440 2450 2460
TGACAAAGACCATGCCTTTGGAAAGTATTACTCCAGGCCAAAGGAAGCACCAGAGCCAAT
DK DHAFGIKY Y SRUPIKIEAPTEPM

2470 2480 2490 2500 2510 2520
GGAACTTGATGGCCCTAAAGGAACTGGATATATCAAGACTGAGTTGATTTCTGTGTCTGA
E LDGWPIKGTGY I KTEWLI SV S E
2530 2540 2550 2560 2570 2580

AGTTCACCCTTCTAGACTTCAGACCACAGACAACCTGCTCCCCATGTCTCCTGAGGAGTT
VHPSRLQTTUDNLILZPMSZPETEF
2590 2600 2610 2620 2630 2640
TGACGAGGTGTCTCGGATAGTGGGCTCTGTAGAATTCGACAGTATGATGAACACAGTATA
bEV SRI1VGSVEFDSMMNTV *
2650 2660 2670 2680 2690 2700
GAGCATGAATTTTTTTCATCTTCTCTGGCGACAGTTTTCCTTCTCATCTGTGATTCCCTC



Sequence SERPINA1 mature peptide cDNA (NM_001127707.1) with chosen editing site (PiZZ E342K,
yellow).

10 20 30 40 50 60
1 GAGGATCCCCAGGGAGATGCTGCCCAGAAGACAGATACATCCCACCATGATCAGGATCAC
1 EDPQGDAAQKTDTSHUHTDQDH
70 80 90 100 110 120
61 CCAACCTTCAACAAGATCACCCCCAACCTGGCTGAGTTCGCCTTCAGCCTATACCGCCAG
21 P T FNIKI1T TWPNLAEUFAFSLYRQ
130 140 150 160 170 180
121 CTGGCACACCAGTCCAACAGCACCAATATCTTCTTCTCCCCAGTGAGCATCGCTACAGCC
41 L AHQSNSTNIFZFSPVSI1TATA
190 200 210 220 230 240
181 TTTGCAATGCTCTCCCTGGGGACCAAGGCTGACACTCACGATGAAATCCTGGAGGGCCTG
61 FAMLSLGTI KADTMHUDTETI L E G L
250 260 270 280 290 300
241 AATTTCAACCTCACGGAGATTCCGGAGGCTCAGATCCATGAAGGCTTCCAGGAACTCCTC
81 NF NLTETIWPEAQOQI HEG GUFQELL
310 320 330 340 350 360
301 CGTACCCTCAACCAGCCAGACAGCCAGCTCCAGCTGACCACCGGCAATGGCCTGTTCCTC
101 R T LNQPDSQLOQLTTS GNGILFL
370 380 390 400 410 420
361 AGCGAGGGCCTGAAGCTAGTGGATAAGTTTTTGGAGGATGTTAAAAAGTTGTACCACTCA
121 S EGL KL VDK FLEDV KK KLY HS
430 440 450 460 470 480
421 GAAGCCTTCACTGTCAACTTCGGGGACACCGAAGAGGCCAAGAAACAGATCAACGATTAC
141 EAFTVNJFGDTETEAIKIKIQTI NDY
490 500 510 520 530 540
481 GTGGAGAAGGGTACTCAAGGGAAAATTGTGGATTTGGTCAAGGAGCTTGACAGAGACACA
161 vV E K GGT QG K I vDLV KETLDIRTDT
550 560 570 580 590 600
541 GTTTTTGCTCTGGTGAATTACATCTTCTTTAAAGGCAAATGGGAGAGACCCTTTGAAGTC
181 VFALVNY Il FFKUGIKWEIRWPFEV
610 620 630 640 650 660
601 AAGGACACCGAGGAAGAGGACTTCCACGTGGACCAGGTGACCACCGTGAAGGTGCCTATG
201 K b TEZEEDVFHV DOQVTTVKVPM
670 680 690 700 710 720
661 ATGAAGCGTTTAGGCATGTTTAACATCCAGCACTGTAAGAAGCTGTCCAGCTGGGTGCTG
221 M K RLGMZFNI QHCIKI KL S S WV L
730 740 750 760 770 780
721 CTGATGAAATACCTGGGCAATGCCACCGCCATCTTCTTCCTGCCTGATGAGGGGAAACTA
241 L M KYLGNATAI FF L PDETGKL
790 800 810 820 830 840
781 CAGCACCTGGAAAATGAACTCACCCACGATATCATCACCAAGTTCCTGGAAAATGAAGAC
261 Q HL ENEWLTMHUDTI1 1 TIKFULENED
850 860 870 880 890 900
841 AGAAGGTCTGCCAGCTTACATTTACCCAAACTGTCCATTACTGGAACCTATGATCTGAAG
281 R RS ASLWHLWPIKTLSI1TTOGTYDLK
910 920 930 940 950 960
901 AGCGTCCTGGGTCAACTGGGCATCACTAAGGTCTTCAGCAATGGGGCTGACCTCTCCGGG

301 s vLGQL G 1 T KVZFSNGADILSG



961
321

1021
341

1081
361

1141
381

970 980 990 1000 1010 1020
GTCACAGAGGAGGCACCCCTGAAGCTCTCCAAGGCCGTGCATAAGGCTGTGCTGACCATC
v T EEAPLIKILSIKAVHIKAVLT.I

1030 1040 1050 1060 1070 1080
GACAAGAAAGGGACTGAAGCTGCTGGGGCCATGTTTTTAGAGGCCATACCCATGTCTATC
DK K GTEAAGAMEFLEATILPMSI

1090 1100 1110 1120 1130 1140
CCCCCCGAGGTCAAGTTCAACAAACCCTTTGTCTTCTTAATGATTGAACAAAATACCAAG
p PEVKFNIKWPFVFLMI1IEUZGQNT K

1150 1160 1170 1180

TCTCCCCTCTTCATGGGAAAAGTGGTGAATCCCACCCAAAAATAA
S PLFMGI KV VNZPTAQK *
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